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This study examines the structural controls, geochemistry, and potential source of an ancient 
hydrothermal fluid-flow system within the Otago Schist, using excellent exposures at Bruce Rocks, near 
Dunedin, as a case study. Both active and ancient hydrothermal systems found in the Otago Schist have 
been linked to metamorphic dehydration within the Mesozoic accretionary prism and underlying slab, or 
to deformation related to the Cenozoic Australia-Pacific plate boundary, which generates fluid flow due 
to uplift of basement rocks. Most hydrothermal systems exposed within the Otago Schist are 
interpreted to have formed at several kilometres depth to mid-crustal levels, but there is currently a lack 
of understanding of systems formed at shallower crustal levels. Field observations show that the Bruce 
Rocks hydrothermal system belongs to the youngest post-metamorphic deformation and is dominated 
by carbonate breccia and vein networks that formed from CO2-bearing fluids. Data for this study 
includes detailed petrographic and structural characteristics of the vein networks and surrounding wall 
rocks, as well as analysis of the mineralogy, microstructure, and alteration style caused by the CO2-
bearing fluids. Additionally, 87Sr/86Sr, δ13C, and δ18O isotope data and whole-rock geochemistry were 
collected from veins and wall rocks to ascertain a potential fluid source, the degree of fluid-wall rock 
reaction and element mobilisation, and to compare with other similar hydrothermal systems within the 
Otago Schist. The hydrothermal system is estimated to have an early Miocene age due to overlapping 
isotope data with other similar systems in the Otago Schist, e.g., Shotover River and Akatore Coast. The 
hydrothermal system shows a strong structural control: breccias and vein networks mainly formed along 
small-displacement (<meter) faults that reactivated pre-existing Late Cretaceous exhumation joints. As 
fluid travelled along the faults, it accessed the adjacent wall rocks along foliation surfaces where 
permeability was sufficiently high. Carbonate in breccias and veins is present as calcite, dolomite, 
ankerite and siderite which have 87Sr/86Sr isotope ratios of 0.7058 – 0.7064. The geochemical variation is 
from fluid-rock interaction with the wall rock mineralogy, causing a shift toward more radiogenic 
87Sr/86Sr isotope ratios due to fluid interaction with highly radiogenic wall rock muscovite grains.  A 
potential source of fluid is from a breakdown reaction of metamorphic epidote or carbonates, causing a 
release of both a Fe-rich CO2-bearing fluid resulting in the formation of siderite in the early stages, 
followed by Ca-rich CO2-bearing fluid causing the precipitation of calcite. The study suggests that the 
ancient hydrothermal system exposed at Bruce Rocks belongs to an early Miocene system formed at 
very shallow crustal levels, probably within a few kilometres of the paleo-surface, related to retrograde 
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The study area of Bruce Rocks is found on a wave-cut platform south of Dunedin, located within the 
Otago Schist. Circulation of an ancient hydrothermal fluid system at Bruce Rocks resulted in the 
formation of a carbonate vein network within greenschist facies meta-sedimentary host rock. This case 
study will examine the structural controls and geochemistry of an ancient CO2-bearing fluid system at 
Bruce Rocks, to understand the hydrothermal fluid flow evolution within the Otago Schist. 
1.1) Previous work: 
The tectonic history of Zealandia consists of two generations of subduction zones; the Cambrian-
Cretaceous episodic subduction of the southern margin of Gondwana (Mortimer, 2004), and the current 
active plate-boundary between the Australian and Pacific plate (Campbell et al., 2004). Both 
environments have resulted in the formation of an orogenic metamorphic belt (Craw et al., 2009).  
Deformation generates hydrothermal fluids at upper to mid-crustal levels, which migrate and crystallise 
at a shallower geological setting (Craw et al., 2009). The formation and evolution of hydrothermal fluid 
systems in New Zealand is an ongoing topic, and here is a focus on determining the source and its 
relation to the tectonic evolution of New Zealand (e.g., Pitcairn et al., 2006; Craw et al., 2009; Wellnitz et 
al., 2018). 
Previous work has been carried out by Craw et al. (2009) on both generations of orogenic hydrothermal 
systems with the purpose of understanding and categorising the hydrothermal alteration and vein 
mineralisation. Three geochemically and mineralogically distinctive types of alteration styles associated 
with gold mineralisation were recognised. The formation of hydrothermal alteration happens at a depth 
of several kilometres to mid-crustal levels and is linked to dewatering within the Mesozoic accretionary 
prism and underlying slab, or to fluid flow events from the Cenozoic Alpine orogenic system.  Late 
Cretaceous-present fluid activity in the Otago Schist is related to retrograde dehydration caused by 
exhumation of the basement from the active Australian-Pacific plate boundary (Craw and Norris, 1991). 
Quartz-calcite veins from the Shotover River in the West Otago Schist currently contribute to a deeper 
understanding of fluid-rock interaction and fluid origin of the shallow hydrothermal system in an 
accretionary prism (Wellnitz et al., 2018). 
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1.2) Research gap: 
Research done of hydrothermal systems in the Otago Schist has focused on understanding the alteration 
style, relative age, and timing of orogenic gold deposits (Craw et al., 2009; Mortensen et al., 2010). The 
research focus over the last couple of decades is on Mesozoic hydrothermal systems from the upper to 
mid-crustal level (Craw et al., 2009). There is still a lack a better understanding of fluid system formed at 
a shallow crustal level across the Otago Schist (Wellnitz et al., 2018). The study at Bruce Rocks will 
provide new insight into the geochemistry, structural control, and element mobilisation in hydrothermal 
systems formed at a shallow crustal level of an orogen. 
1.3) Study aim: 
This case study focusses on collect detailed petrographic, geochemical, and structural characteristics of 
the exposed hydrothermal vein network and surrounds wall rock at Bruce Rocks. Data will include rocks 
samples of the hydrothermal breccia, alteration halo and unaltered host rocks, with the goal of 
investigating the mineralogy, microstructure and alteration style of the CO2-bearing fluid. The study 
aims to get a new insight into the structural setting and geochemistry to understand fluid-rock 
interactions and fluid evolution of hydrothermal systems formed at the shallow crustal level. The 
following research questions will be addressed in this study:  
• Which structural settings controls fluid flow evolution?  
• What controls the variation in the geochemistry of the carbonates in the hydrothermal breccia 
and alteration halo?     
• What is the potential source of the hydrothermal fluid?  




Chapter 2: Regional Geology 
An understanding of the geological setting of the hydrothermal fluid system formed at Bruce Rocks, New 
Zealand, requires a solid understanding of the geological background and evolution of Zealandia. The 
following chapter will cover a broad insight into the regional geology of Zealandia with focus on the 
formation and structural setting of the Otago Schist together with hydrothermal fluid systems and 
mineralisation. 
2.1) Early Tectonic Evolution 
The location of the continent Zealandia is on the plate boundary between the Pacific Plate and the 
Australian Plate.  The size of the continent is small compared to other continents around the world like 
the Australian continent, which is 1:3 times the size of Zealandia. Most of Zealandia’s continental crust is 
not accessible as up to 94% is submerged underwater, and only New Zealand and New Caledonia 
represent the main part of Zealandia that is above sea-level (Mortimer, 2004; Mortimer et al., 2017)  
Before Zealandia existed as a separate continent, it formed the Pacific-facing margin of the 
supercontinent Gondwana, along with Australia and Antarctica. The breakup of Gondwana started by a 
change in the tectonic setting from a subduction zone environment into spreading of the seafloor in the 
mid-Cretaceous period. The changes led to the separation of Zealandia from Australia and Antarctica, 
resulting in the breakup of Gondwana (Laird and Bradshaw, 2004).  
The geological record of Zealandia is very well preserved in New Zealand (Figure 2.1) by two separate 
provinces: the Western and Eastern Province. The Western Province represents the tectonic 
environment when Zealandia was part of Gondwana during the Cambrian to Late Cretaceous period. 
Before the break-up of Gondwana, Zealandia was part of a subduction zone environment which started 
in the Cambrian period and lasted until the Early Cretaceous period. The Western Province represents 
the very diverse geology in New Zealand during that period (Laird et al., 2004; Mortimer, 2004; 
Mortimer et al., 2012).  
The Western Province only has two terranes preserved (Buller and Takaka terrane), which consist of 
some of the oldest rocks found in New Zealand. The terranes represent Zealandia’s subduction 
environment in the Early Paleozoic period and consist of volcanic-sedimentary rocks in a very primitive 
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intra-oceanic island arc, followed by a passive or active continental margin. The episodic intrusion of 
granitoids in the Carboniferous to Late Devonian and also in the Cretaceous represent the growth of the 
continental crust caused by the subduction environment (Adams et al., 1998; Laird et al., 2004; 
Mortimer, 2004; Adams et al., 2007).  
The Eastern Province of New Zealand represents deposits formed at the Carboniferous to the 
Cretaceous period and covers the largest area of New Zealand. The western part made up by the Brook 
Street, Murihiku, and Maitai terranes, characterise the different geological episode in a subduction zone 
within a volcanic forearc and, or, a back-arc environment. The eastern part is characterised by an 
accretionary prism (made up by the Caples, Bay of Island, Rakaia, and Pahau terranes) that formed in a 
submarine environment near an island arc. The formation of these terranes is from a subduction zone in 
the Mesozoic period (Mortimer, 2004; Adams et al., 2007; Mortimer et al., 2012). 
The geological map of New Zealand in figure 2.1 shows that the boundary of the Early Paleozoic Western 
Province and the Later Paleozoic-Mesozoic Eastern Province belongs to the Median Batholith on a 
regional scale. Both the Takaka terrane and the Brook Street terrane have multiple intrusions of the 
Median Batholith which consist of Cordilleran-style magmatism caused by the episodic subduction of 
Gondwana’s convergent margin from 375-110 million years (Ma) ago  (Mortimer, 2004; Adams et al., 
2007; Scott, 2013). 
2.2) Metamorphic history: 
During the tectonic evolution of Gondwana’s margin in the subduction zone environment, there was an 
accretion of sediments and volcaniclastic material to the margin from the Carboniferous to Triassic 
period. The sediments and volcaniclastic materials are due to episodes of regional metamorphism 
overprinted due to deformation and collision of tectonic plates in a forearc environment in the Jurassic-
Cretaceous period. These episodes of metamorphic overprint are part of the ~2000 km long 
metamorphic belt, The Haast Schist, which covers approximately one-sixth of the main New Zealand 





Figure 2.1: Geological map of New Zealand showing the different terranes and their locations. The Eastern Province consist 
of seven terranes which represent the Late Paleozoic and Mesozoic geological period of Zealandia. The Western Province 
consist of two terranes represents the Early Paleozoic geological period of Zealandia. The metamorphic overprint of the 





Figure 2.2: Tectonic map show in the location and size of the continent Zealandia with the tectonic boundary between the 
Australian plate and the Pacific plate (Mortimer et al., 2017). 
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The Haast Schist overprinted the Caples, Rakaia, and Bay of Island terranes and covered most of the 
South Island of New Zealand. Due to a large coverage area in New Zealand, it has been geographically 
subdividing into multiple sections (Figure 2.3B) the Alpine Schist, Chatham Schist, Kainanawana Schist, 
Marlborough Schist, and Otago Schist all representing different stages, ages, and deformation of the 
Haast Schist. The metamorphic grades vary from low-grade zeolite facies to amphibolite facies and vary 
in textures from unfoliated meta-sedimentation up to gneissic textures (Turnbull et al., 2001). 
2.2.1) The Otago Schist 
The formation of the Otago Schist has affected both parts of the Caples and Rakaia terranes, and 
metamorphism has therefore overprinted the contact between the two terranes. The protolith of these 
terranes is made up of marine greywacke and argillite exposed to metamorphism and deformation in a 
ductile regime (Mortimer, 1993). 
The Caples terrane is Permian-Triassic in age, with a stratigraphic sequence thickness of at least 5-7 km. 
The geological environment occurred in submarine deposits at the trench-slope in a subduction zone, 
and also consists of chert, limestone, and basaltic rocks from an island arc setting. The Rakaia terrane 
belongs to the Permian to Late Triassic period and formed as an east-facing accretionary wedge at 
Gondwana’s convergent margin. It mainly consists of submarine quartz-rich sediment with minor chert, 
limestone, and basaltic rocks (Mortimer, 2004). 
The Otago Schist has an NW-SE orientation, whereas the SW section is made up by the Caples terrane, 
and the NE section consists of the Rakaia terrane (Figure 2.3A). The metamorphic belt is approximately 
150 km wide in size and goes from prehnite-pumpellyite facies to upper greenschist facies conditions 
(garnet-biotite-albite zone) (Figure 2.3B). Metamorphism has overprinted the boundary between them, 
but the core of the metamorphic belt indicates roughly where the boundary must be (Mortimer and 
Roser, 1992).  
From the core of the Schist, there is symmetry in the metamorphic grade due to decreases of the 
metamorphic grade in the NW-SE orientation into non-metamorphosed terranes on both sides of the 
metamorphic core (Mortimer, 2000; Stallard et al., 2005).  
The Caples-Rakaia-Otago Schist accretionary wedge consists of a retrowedge, core, and prowedge, and 
each part shows different P-T-t paths resulting in a complicated metamorphic history (Figure 2.4C). The 
Otago Schist’s metamorphic condition has been investigated with thermobarometric analysis of 
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metamorphic white micas in both terranes by Mortimer(2000). The data suggest that the peak 
metamorphism was reached at 350 degrees and 8-10 kbar, providing upper greenschist facies 
conditions.  
Nishimura et al. (2000) reported 32 pelitic and semipelitic samples of metamorphic phengite and 
analysed them for K-Ar ages at the Chrystalls Beach, along the Brighton coastal section, just southwest 
of Dunedin. The results from this report interpreted a 175-155 Ma age of the peak metamorphism 
(Middle to Late Jurassic period), where the micas closure temperature indicate a cooling age of 155-135 
Ma (Late Jurassic to Early Cretaceous).  
Figure 2.3: A) Metamorphic map of the Otago Schist with the different metamorphic facies. B) Map of the South Island of 
New Zealand showing the Haast Schist belt and its different geographically subdivision, the Otago Schist is marked and 
correlate with 3A. C) Cross section of the Mesozoic accretionary wedge marked on figure 3A, by the red line, not for scale 
(Modified from Mortimer et al., 2012) 
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Gray and Foster (2004) provided K-Ar dating on micas and whole-rock micaceous fabrics across the 
Otago Schist. The interpretation of the K-Ar dating from the low-grade flanks of the schist and a shear 
zone indicate that the main metamorphism and deformation occurred approximately between 160 Ma 
(Late Jurassic) and 140 Ma (Early Cretaceous) until 120 Ma (Mid Cretaceous).  
40Ar/39Ar dating result from white micas was later made by Mortimer et al. (2012), which also included 
40Ar/39Ar K-feldspar ages from low-grade metasediments. The K-feldspar result from almost non-
metamorphic sediments records the age of detrital source area, whereas the metamorphic sample 
(zeolite to prehnite-pumpellyite facies) indicate recrystallisation during low-temperature metamorphism 
at 140 Ma.   
The different research results of the Caples-Rakaia-Otago Schist accretionary wedge over the last couple 
of decades (Little et al., 1999; Nishimura et al., 2000; Forster et al., 2003; Gray et al., 2004; Mortimer et 
al., 2012) contributed to a thermo-tectonic model. The model links the evolution and history of an 
exhumated Mesozoic forearc basin and accretionary wedge in a subduction zone environment to be 
formed in the Early Cretaceous period or the Middle Jurassic period (Mortimer et al., 2012). 
2.3) Structural Setting: 
Metamorphic grade, metamorphic zones, and textural zones (TZs) are criteria which are used to define a 
geological map of a metamorphic belt (Figure 2.4A, 2.4B). The criteria are used to subdivide different 
metamorphic rocks into sections, to reveal the internal structure of the metamorphic belt. For the Otago 
Schist, TZs is a useful and powerful tool for petrographically subdividing schist based on foliation, 
segregation, together with grain size variation of metamorphic minerals, like quartz and mica (Mortimer, 
2003).  
Turnbull et al. (2001) classified the TZs within the Otago Schist and defined five different TZs, which 
shows how the schist became progressively more foliated and segregated with increasing textural grade 
(Figure 2.4B). They used the size of white mica (length and thickness) as the primary classification in 
their system.  
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The lowest metamorphic grade within the Otago Schist consist of prehnite-pumpellyite to pumpellyite-
actinolite facies greywacke and argillite rocks and is part of TZI (Figure 2.4B). The zone is made up by 
nonfoliated to weakly foliated nonschistose rocks with folds (F1) of the primary bedding (S0). With higher 
TZ, fine-grained mica minerals start to alignment with the direction of the maximum stress, forming a 
pervasive foliation (SP) due to mesoscopic folds (F2 and F3). The angle between the surface and the fold 
axial plane in mesoscopic folds in platy schists are either absent or gentle angle (<20°) creating 
subparallel mesoscopic folds, and where hingy schist dominates by mesoscopic folds with tight angles 
(>20°) (Turnbull et al., 2001; Mortimer, 2003). 
The macroscopic structures of the Otago Schist are, according to the relationship with mesoscopic folds, 
interpreted in two different ways. One model interpreted the structural setting of the Otago Schist is a 
macroscopic recumbent b-type fold (F2) with the kinematic transport direction at a 90° angle to the low-
strain fold axes. The model proposes that changes in vergence, indicate a macroscopic fold closure 
together with S1 platy schist transforms into S2 in the lower limb of the fold (Mortimer, 2003). The 
general problem with this model is that F2 folds north of Queenstown and Southwest of Alexandra is 
absent and thereby cannot be a complete interpretation of the Otago Schist structural setting.  
Figure 2.4. A) The different mineral zones within the Otago Schist (Modified from (Mortimer, 2003)). Figure 2.4. B: 
Textural Zones (TZ) within the Otago Schist (Modified from(Turnbull et al., 2001). 
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Mortimer (1993, 2003) proposed that the mesoscopic folds, due to being parallel to quartz rod 
stretching lineation, being an A-type fold. The argument is that if the layers in the fold are inclined to the 
shear plane can form subparallel fold with the transport direction in a ductile regime, and not 
necessarily a 90° angle as proposed in the first model. The model favours a single progressive and 
penetrative deformation of the Otago Schist instead of multiple foliations and folds generation. 
Metamorphic grade and the K-Ar age of the Otago Schist have an inverse relationship, where age versus 
Sp thickness profile plots linear to slightly convex-up providing a strong correlation between the different 
parameters of the Otago Schist (Adams and Gabites, 1985; Mortimer, 2003). Mortimer (2003) 
constructed a regional structural thickness map of the Otago Schist using form line maps of schist with 
SP foliation and textural grade (mica grain size). The approach provided a smaller scale subdivision of the 
Otago Schist (Figure 2.5).  
Figure 2.5: Structural thickness map of the Otago Schist. The datum level is defined as the Caples-Rakaia terrane boundary 
with one kilometer contours intervals. The structural thickness of the Otago Schist is shallowest in the southeastern part and 
deepest in the northwestern part close to the Moonlight Fault. (Mortimer, 2003) 
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The structural thickness map revealed Mesozoic accretionary wedge features preserved after the 
exhumation of the Otago Schist due to the Late Cretaceous erosion. These features include a variable 
plunge of the Otago Antiform (primary schist axis) by low thickness in the southeast and increase 
thickness toward the northwestern part. The metamorphic part of the Caples terranes consists of 
continuous gently dipping schist, going from the Taieri-Wakatipu Synform to through to the Otago 
Antiform, where the metamorphic part of the Rakaia terrane has more steeply dipped and faulted schist 
(Figure 2.5). The net structural thickness of the Otago Schist body is due to underplating of the 
accretionary wedge base and thinning by foliation developed in a ductile regime (Forster et al., 2003; 
Mortimer, 2003). 
Exhumation of the Otago Schist in the Late Cretaceous resulted in the Otago Schist changing from a 
ductile to a brittle regime. The changes of lithostatic pressure, temperature and rheology caused the 
release of residual elastic strain energy, inherited from ductile deformation, which resulted in joint 
formation by tensile fracturing of the schist. The orientation of the joints within the Otago Schist are 
sub-perpendicular to the foliation, and the prominent lineation due to the preserved strain anisotropy in 
the schist along kink folds in small-scale joints (Weinberger et al., 2010). The joints are present on a 
regional scale within the Otago Schist and are concentrated at greenschist facies rocks and decrease 
towards the lower grade metamorphic facies (prehnite-pumpellyite facies).  The age of the joint 
formation in the Otago Schist is estimated to have occurred in the Late Cretaceous, due to lack of joints 
continue into the unconformably overlying Late Cretaceous conglomerate and almost absent at the 
Cenozoic plate-boundary. 
2.4) Hydrothermal fluid system: 
The deformation and metamorphism of the Mesozoic accretionary wedge led to the formation of the 
Otago Schist. Hydrothermal fluids are a system within the metamorphic belt which forms by the same 
geological processes. The formation of hydrothermal systems in the Otago Schist is due to dehydration 
reaction within the Mesozoic accretionary prism and underlying slab or Cenozoic fluid flow events 
related to the Alpine orogenic system (Craw et al., 2009). 
Craw et al. (2009) investigated two different mineralisation systems in an orogenic system in New 
Zealand. The purpose was to get a deeper understanding of ancient and modern orogenic gold deposit 
alteration by investigating the mountain-building environment from Mesozoic to present-day on the 
13 
 
South Island of New Zealand. Three different geochemical and mineralogical types of hydrothermal 
alteration within the host rocks were recognised:  
• Metamorphic alteration: alteration caused by fluids, which are in or near chemical equilibrium 
with the greenschist facies host rock, is formed by metamorphic reactions. Microstructures and 
grain boundaries in the host rock are parameters that control the fluid flow. Veins and 
alterations occur in zones with a thickness from meters to hundreds of meters and include 
calcite and chlorite. Hydrothermal systems cause metamorphic alteration and forms at a deeper 
crustal level.   
• Ankerite alteration: fluids which are in slight disequilibrium with the greenschist facies host 
rock. Permeability from microstructures is an essential parameter for the fluid flow, but 
alteration also occurs in the host rock as well. Replacement of decomposed chlorite with 
ankerite carbonate characterised this alteration in zones up to tens of meters thick. These fluids 
originated in a deep source and were initially in equilibrium with the host rock, with some later 
meteoric input at a shallower crustal level.   
• Shallow veins: The hydrothermal fluids in this alteration type have had a significant impact from 
meteoric water and are related to a late stage in the hydrothermal system. The fluids formed 
veins that consist of calcite and chlorite, including alteration minerals at a shallower crustal 
level. 
The investigation of the hydrothermal system in the active Southern Alps environment gives insight into 
the behaviour of fluid flow in ancient mountain-building environments. The size of both hydrothermal 
systems was estimated to be 15 km high and >20 km wide in places and covers mid- to shallow-crustal 
level (Figure 2.6A). In both mountain-building environments, all three types of hydrothermal alteration 
occur in very similar settings that affected the host rock. 
At the mid-crustal level, deformation occurs in a ductile-brittle regime, where the most substantial 
volume of hydrothermal fluids occurs. In this setting, the greenschist facies host rock has low porosity 
and permeability which creates a connection zone of fluids that interact with the wall rock within the 
metamorphic belt (Wannamaker et al., 2002).  
The exacts source of the hydrothermal fluids are still debatable, but evidence mostly suggests a deep-
circulation of meteoric water interacting with dehydration fluids from the underlying metamorphic rocks 
14 
 
(Jenkin et al., 1994; Upton et al., 1995; Chamberlain et al., 1998; Campbell et al., 2004; Pitcairn et al., 
2006; Craw et al., 2009). 
The fluids that form at depth from greenschist facies rock, within a mid-crustal level, are concentrated in 
structures of microshears in folds and shear zones and occurs within the grain boundaries. These fluids 
migrate very slowly towards the surface and can rise to penetrate the shallow upper crustal level. The 
upper crust is considered a mixing zone where meteoric water from above can circulate down to more 
than 6 km in depth and mix with fluid from mid-crustal level (Jenkin et al., 1994; Upton et al., 1995; 
Chamberlain et al., 1998; Craw et al., 2009). The main parameters that control the fluid flows are 
primarily faults and fractures, but the concentration of fluids can also cause penetration of the host rock 




Figure 2.6: A) Cross-section from a collision orogen based on the active Southern Alps from Craw et al. (2009), and shows 
three different hydrothermal alteration system (1-3) and their distribution within the orogen. White arrows are 
associated with fluids caused by metamorphic dehydration, black arrows indicate physical advection from 
topographically meteoric water. B-D) indicates the characteristic features of gold-bearing structural deposits in each 




Figure 2.7: Map of the South Island of New Zealand that shows the Alpine Fault and the Otago Schist. The map shows the 




Orogenic gold deposits and other essential ore deposits, within the Otago Schist, are formed due to the 
different type of hydrothermal alteration styles and thereby occurs at a different structural level within 
the accretionary wedge (Craw et al., 2009). Gold-bearing hydrothermal systems are primarily 
concentrated at the metamorphic core in upper greenschist facies host rock and more absent in the 
metamorphic facies flanks (Figure 2.7). The structural setting of the deformed exhumed accretionary 
wedge shows that orogenic gold typically occurs at a late metamorphic or post-metamorphic stage in 
brittle-ductile or brittle shear zones together with shallow crustal level extensional veins (Mortensen et 
al., 2010). 
Hydrothermal micas are a vital mineral phase to date these systems, but very complicated due to the 
host rock also commonly being very micaceous. Distinguishing between wall-rock and hydrothermal 
Figure 2.8: X-axis shows the time scale in Ma, and Y-axis shows crustal depth. The figure illustrates tectonic and 
metallogeny evolution of the Otago Schist, together with the path for the two different mineralization pulses until it 
reaches the surface due to uplift. The Black path-line follows lower greenschist facies rocks, where the grey path-line 
follows upper greenschist facies rocks (Mortensen2010). 
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micas is essential because the fluid temperature in vein systems can cause resetting a of the isotopic 
systems, which makes it important that the analysed micas are part of the hydrothermal mineral 
assemblages (Mortensen et al., 2010).  
Mortensen et al. (2010) made a model of the age and origin of mineralisation events in the Otago Schist, 
by using new and previous 40Ar/39Ar ages of hydrothermal micas together with Pb isotopic data from 
sulphide in mineralisation zones. They distinguished two short lived mineralisation events that both 
formed vein systems and shear zones in the middle and lower part of the accretionary wedge. The early 
mineralisation event occurred between 135 and 142 Ma and correlates with the Hyde-Macraes shear 
zones, where the later event correlates with the Rise and Shine shear zone by occurring between 101 
and 106 Ma.  The results were used to build a “two pulses” model of the mineralisation in the Otago 
Schist The conclusion and argument for the cause of the two pulses are drawn close parallels to the 







Chapter 3: Methods 
3.1) Thin sections: 
A thin section consists of a 30 µm thick slice of rock that is mounted onto a 27 x 46 mm glass slide with 
epoxy and used for an optical microscope, scanning electron microscope (SEM) and electron microprobe 
analysis (EMPA).  Selected rock samples collected from Bruce Rocks were made into thin sections for 
further study due to the right expose of different geological setting and cross-cutting relationships. 
Approximate 50 representative samples have been made so far of hydrothermal breccias on different 
scales, host rock of greenschist greyschist and altered rocks caused by a hydrothermal fluid system.  
Each sample has undergone the following steps: 
• Cut by a diamond saw to fit on a thin section glass slide with a thickness of approximate 2-5 cm. 
• It is covered by a layer of epoxy to prevent fracturing later in the process and left overnight to 
dry. 
• It is sanded down with 100, 200, 400 and 600 grits to provide a flat surface area, afterwards 
glued onto a glass slide, and left overnight to dry. 
• Cut again with a diamond saw to separate the glass and rock sample resulting in a thin part (few 
mm thick) of the rock sample glued to the glass side. 
• It was sanded down with 200, 400 and 600 grits to achieve a thickness of around 40 µm. Quartz 
in a petrographic microscope was used to determine the thickness of the thin section, due to 
abundance and well define interference colour according to a thickness of the Michel-Lévy 
interference colour chart. 
Before using a thin section on the SEM and EMPA, samples need to be polished. The polishing part was 
made by petrology technician Brent W Cooper on a polishing machine with 6 µm, 3 µm, and 1 µm grit on 
each thin section sample. The polishing machine tends to grind the thickness of the thin section and 
therefore was every sample sanded down to a thickness of 40 µm before the polishing part achieved a 
final thickness of 30 µm. 
3.2) Petrographic Description: 
Examining the mineralogy and texture of the thin sections has been done on an Olympic Petrographic 
Microscope, with polarisation and 1,25x, 4x, 10x and 40x optical zoom, to provide an understanding of 
the geological setting of the thin section. Pictures have been taken of critical geological features like 
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foliation, fractures, and microstructures for storage, analysing, and comparison. Mineralogy, textures, 
and microstructures of every sample have been determined, and several samples selected for further 
analysis on the scanning electron microscopy (SEM) and electron microprobe analysis (EMPA) for 
characterising the geochemical composition and microstructures. 
3.3) Electron microprobe analysis (EMPA): 
The purpose of using EMPA for collecting geochemically data in a thin section is that obtains quantitively 
element analysis with a wavelength-dispersive spectrometer (WDS) and have an accuracy of ± one wt % 
within a minimum sample ratio with an electron X-ray beam. The time used for one sample varies from 
1 to 5 min, depending on the number of elements analysing for, and are non-destructive on the sample.  
These features provide an option to investigate the general geochemistry of minerals without disturbing 
any mineral textures and construct a high-resolution sample region which offers an opportunity to 
detect any geochemistry zonation or variation in a mineral. The limitation of EMPA is that it cannot 
identify the lightest element in the periodic table (H, He, Li, Be, B and C) and cannot distinguish Fe2+ 
from Fe3+. EMPA data was collected at the University of Copenhagen, Denmark, with a JEOL JXA-8200. 
3.4) Scanning electron microscope (SEM): 
The methods of EMPA and SEM use in general the same approach for collecting geochemical 
measurements but with two different types of spectrometers. EMPA uses multiple WDS with precise 
accuracy of ±1 wt% but of a limited number of elements, where SEM uses an energy-dispersive 
spectrometry (EDS) which measure the concentration of X-ray intensity of element present in a plot area 
of >1µm to determine each element concentration at a much higher speed than EMPA. The purpose of 
the SEM was to collect backscattered (BSE) pictures together with high-quality geochemistry element 
maps of larger areas in the thin section to observe microstructures together with geochemical 
variations. SEM data was collected with the Zeiss Scanning Electron Microscope at the Otago Centre for 
Electron Microscopy. 
3.5) EMPA vs SEM:    
The geochemical measurements conducted on EMPA and SEM provide an opportunity to investigate the 
general geochemistry of minerals without disturbing any mineral textures and construct a high-
resolution geochemistry measurement together with backscattered and geochemistry element maps. 
21 
 
The limitation of EMPA and SEM is that it cannot identify the lightest element in the periodic table (H, 
He, Li, Be and B) and cannot distinguish Fe2+ from Fe3+. The EMPA provides an exact measure of 
elements compared to the SEM, but the SEM collected faster measurements used for constructing high-
quality maps of better resolutions. EMPA and SEM provide very high-quality geochemistry analysis of 
mineral compositions, geochemical element maps, and BSE for textural analysis. The EMPA and SEM 
have both been used for both mineral composition, geochemical element maps and, BSE for comparison 
of both methods and the quality of the results. 
3.5.1) Preparation: 
Thin sections analysed by EMPA and SEM need to be stable in a vacuum and coated with carbon. Rock 
samples in a thin section are usually non-conductors of electricity and need a conductive element to 
prevent charging. Carbon is the best element of choice for coating due to very little disturbing on the 
electron X-ray spectrum.  Every sample used for EMPA has been carbon coated with the EMS150R, 
which applies a thin film of carbon. The use of carbon coating prevents measurement of carbon in 
minerals, like graphite. 
3.5.2) Instrument and settings: 
Geochemical measurements were conducted on EMPA analytical instrument JEOL JXA-8200 was used to 
analyse the compositions of the minerals in thin section. The JEOL JXA-8200 uses tungsten (W) filament 
for electron source to produce the X-ray beam and consist of five WDS and one EDS. The analytical 
instrument of the SEM is the Zeiss Scanning Electron Microscope and uses secondary and backscattered 
electron with an EDS and electronic backscattered detector (EBSD). 
WD spectrometers use the principle of Bragg’s law, n ∙ λ = 2d ∙ sinθ where n = positive integer, d = the 
distance between each atomic layer, θ = angle of incidence (Bragg’s angle) and $\lambda$=wavelength 
and are tuned into only one specific element wavelength at the time. EDS measures all X-rays of every 
energy at the same time and plots the intensity against the X-ray photon energy to provide with an 
overview of the element present in a sample.  
The following operating condition for analytic measurement are accelerating voltage = 15 k, beam 
current = 15nA, spot size = 5µm on the EMPA and SEM. The 5 WDS on the SEMPA are each programmed 
to measure together the following elements: Si, Fe, K, Cr, Na, Al, Mn, Ca, Ni, As, Mg, Ti, Cu, S. The 
measurement time on WD spectrometer is 20 seconds on peak condition and 20 seconds on background 
condition on all element except for K and Na (10 seconds on both peak and background condition). The 
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measurement time on the EDS on the SEM is 30 seconds for point measurements. To measure a correct 
concentration of an element requires a matrix correction to obtain the actual concentration and 
therefore are the phi-rho-z method applied to EMPA following measurement and EDS analysis on the 
SEM uses a cobalt standard.  The data from the EMPA need recalculation from oxides wt% into pure 
cations, whereas the EDS-SEM can display the result as pure cations on the Aztec software package. 
3.5.3) Errors: 
The total sum of the measured element wt% in an EMPA and SEM result should be 100% but varies due 
to certain types of limitation. The most common errors are due to the limitation of measuring light 
elements, background noise from the electron beam, and also if the connection between the thin 
section and the specimen holder is slightly loose. The total sum can vary due to this condition and also 
depend on the mineral phase. The focus of this project is on measuring the chemical composition of 
micas and carbonates, and the accepted value is 95±5% and 60±5% due to being unable to measure H2O 
and CO2 respectively. The X-ray element signature (element peak) to determine which element is 
present can cause overlapping confusing of individual elements, e.g., Si and Sr and require an 
understanding of the mineralogy in the thin section to avoid confusing elements with each other. 
3.6) Geochemical element maps: 
Instead of making a precise measurement of the concentration of the element in a sample with the 
EMPA, it is possible to make a geochemical map of a large area within the thin section. Each WDS locks 
into measuring only one specific element for a certain amount of time on a single point before moving 
over to the next position until it covers a specific area in the thin section. The result is a geochemical 
map which shows an element concentration rate over a large area provided information about the 
element distribution and concentrated in a specific area. The method cannot measure the specific 
element concentration as a standard EMPA analysis, but rather an overview of the element distribution. 
The element chosen for the geochemical maps in this project is: Al, K, Fe, Mg and Ca in a 1024 x 1024-
point size maps with a measurement time of 10 ms. Two different settings were used to generate the 
geochemical maps, one with a 5µm size which provides a broad overview of the selected area, and a 
1µm size to get a closer a more detail-rich overview of the element distribution. 
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The method used in the SEM to construct geochemical element maps are very similar but uses the EDS 
can produce geochemical maps of each element present much faster than the EMPA and over a much 
larger area.  
3.7) Laser Ablation Multiple Collector Inductively Coupled Plasma Mass 
Spectrometry (LA-MC-ICP-MS): 
Many samples, which represents the different geological settings at Bruce Rocks, were targets for 
measuring the concentration of trace element and In-situ Sr isotope analysis with a Laser Ablation 
Multiple Collector Inductively Coupled Plasma Mass Spectrometry (LA-MC-ICP-MS) at the Department of 
Chemistry, Center of Trace Element Analysis, University of Otago. A RESOlution 193-m laser ablation 
system with an M-50-LR Laser ablation cell coupled to a Nu Plasma-HR MC-ICP-MS instrument collects 
data directly on a thin section. The instrument uses a laser repetition rate between 5-10 Hz with a 
propagation speed of 5-10 µm/s on a target area resulting in creating ablated material. He-gas is then 
used to transfer the ablated material into the couple ICP-MS for measurement. 
3.7.1) Trace Elements: 
The target of trace element analyses of thin sections from altered greyschist and hydrothermal breccia 
samples were those with the best-preserved carbonate grains. For collecting trace element data, the 
laser used spot-analyse with a repetition rate of 5 Hz and a spot diameter of 50 µm. The reason for the 
low repetition rate is due to the weak crystal structure in carbonate resulting in easy ablation, a too high 
repetition rate will destroy more of the mineral grain than needed for measurement. The ablated 
material is ionised and measured by the ICP-MS resulting in getting the concentration of trace element 
from the target area in the thin section.   
3.7.2) In Situ Sr Isotope ratio: 
In-situ 87Sr/86Sr analysis was measured on the same carbonate samples used for trace element analysis. 
The laser was set to track-analyse with the same repetition rate as for trace element analysis with a 
track size of 50 µm and program to conduct a 2 Hz pre-ablation run to clean the surface of the track 
before ablation. The ablated material is collecting the same way as for trace elements, but instead of 
ionised the material, the six collectors chamber in the ICP-MS is set to collect material with an atomic 
mass from 82 to 88. The atomic masses from 82 to 88 represent the isotopic element of Sr, Rb, and Kr 
and are used to correct the isotopic values measured, due to overlapping atomic masses between the 
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isotopic element of Sr, Rb, and Kr, to get the correct isotopic ratio of the in-situ Sr isotopic ratio. The 
data were normalised and calculated with an excel spreadsheet provided by Dr Malcolm Reid from the 
Department of Chemistry. 
3.8) Stable isotopes: 
Stable isotopes measurement of δ13C  and δ18O were performed on leftover thin section rock slabs at 
the Isotopic Ratio Mass Spectrometry Unite, Department of Chemistry, University of Otago, due to the 
ability to distinguish carbonate mineral phase in the rock slab by using the thin section of the same 
sample. The carbonate vein in the rock slab has a small size, making it very difficult to separate and 
distinguish them from other mineral phases. The use of optical and binocular microscope of thin section 
and rock slab resulted in locating areas with high concentrations of carbonate grains. A dentist micro 
drill with a size of 7 mm was used to separate the target area from the rock slab and then crushed to 
<100 µm grain size with a mortar, weight and sealed in a vial. Each sample consists of an additional two 
replicate measurements to secure a valid result in case of a heterogeneous sample. Due to the 
uncertainty of the micro-drilling method, the measurement of each sample was weighted to 400 µg ± 
50µg, to investigate the quality of the results. The first round of results showed that half of the 
measurement had bad quality results, and a new target weight was increased up to 2000 µg ± 200µg, 
depending on the sample, and repeated. The results of the second round of δ13C  and δ18O 
measurement analysis gave 14 good results measurements, each with one to two replicate 
measurement for calculating the standard deviation. Dr Robert Van Hale conducted the measurement 
after the preparation was completed. 
3.9) Whole-rock analysis: 
The whole-rock geochemical composition and isotopic ratio were prepared by crushing rock sample into 
a fine powder. Each rock sample had weathering surfaces removed to secure a correct measurement of 
the whole rock and eliminate possible contamination from a weathering product. The rock sample was 
cut into small slabs of a few cm widths and washed with Elix pure water to remove the seawater 
geochemical signature as much as possible. The slabs were then dried and smashed into smaller pieces 
before being crushed into a fine powder with an agate mill. The reason for using an agate mill for 
crushing a rock sample into a fine powder for geochemical analysis is because of it has the lowest level 
of contamination into the powder resulting in no need for correction for measurement contamination. 
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One set of the sample powder was used for major, trace, volatile and metal measurement and 
performed by ALS Minerals in Brisbane, Australia, and another set used for Sr-Nd isotopic 




Chapter 4: Field observation, structural measurements, 
mineralogy and microstructures 
The purpose of this chapter is to present the fieldwork, petrographic observations, and microscopy of 
the rock types collected at Bruce Rocks. The aim is to investigate the hydrothermal system from a field 
to a microscopic scale to understand its structural evolution and relative timing. The fieldwork will 
include a detail description of selected outcrops to determine the mineralogy, texture, and 
microstructures of rocks associated with the hydrothermal system. The gathered information will 
provide new insights into the structural and geological setting of the hydrothermal system. 
4.1) Field overview of Bruce Rocks: 
The fieldwork at Bruce Rocks involves investigation of two outcrops (BR2 and BR6), together with one 
loose boulder from an unknown outcrop (BR1) collected by Prof. Dave Craw (Figure 4.1A). The host rock 
at Bruce Rocks consist of metamorphosed greenschist facies rocks composed of light-coloured meta-
sandstone (psammite), and dark-coloured meta-mudstone (pelite) layers with a quartz-feldspathic 
composition (greyschist). Well exposed extension en-enchelon vein network within the greyschist are 
exposed at outcrop BR2 and BR6 with multi-generation of hydrothermal breccias with an alteration halo 
(Figure 4.1B). Fieldwork included collecting rock sample from outcrop BR1, BR2, and BR6 for further 
petrographic investigation on a macroscopic and microscopic scale.  
Figure 4.1: A) Topographic map showing the location of Dunedin city, Brighton and the field location of Bruce Rocks B) 
Showing the location of outcrop BR2 and BR6 (Sources: Land Information New Zealand, LINZ data service). 
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4.1.1) Field outcrop BR2: 
A hydrothermal breccia with a width variation from 0.3 – 1.3 m cuts the greyschist at outcrop BR2. The 
alteration halo radiates into the greyschist at the contact varies from a few cm scales into the wall rock, 
up to a few meters along the foliation in the wall rock from the hydrothermal breccia (Figure 4.2). The 
greyschist hosts multiple joints that have a sub-perpendicular orientation to the foliation. Cross-cutting 
relationships between the greyschist, joint fractures, and the hydrothermal breccia indicate that the 
hydrothermal system is part of the youngest generation formed after the post-metamorphic 
deformation joints. 
4.1.2) Field outcrop BR6: 
The field location of BR6 shows a 0.1 m – 0.75 m wide hydrothermal breccia cutting through a 
metamorphic sequence of psammite rocks and pelite rocks and cuts an SW-NE orientation quartz vein 
(Figure 4.3). The cross-cutting relationship between the different rock lithologies shows that the quartz 
vein is post-metamorphic, followed by deformation joints, which later are cut by the hydrothermal 
breccia. The cleavage and joint structure have similar orientation and dipping as those found at field 
location BR2. 
  
Figure 4.2: Field photo of field location BR2, showing a hydrothermal breccia (marked by red arrow) cuts a metamorphic 
sequence of psammite rocks. Exhumation joints and alteration halo marked by red arrows. Backpack for scale. 
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4.2) Structural control of the hydrothermal system: 
4.2.1) Structural setting: 
Field observation of the hydrothermal vein network from outcrop BR2, BR6, and other outcrops show a 
size variation of the hydrothermal breccia. Outcrop BR2 and BR6 represent a large-scale hydrothermal 
breccia on a meter scale that has penetrated along with pre-existing joint fractures. Location of 
hydrothermal veins on a cm-mm scale occurs along the foliation and smaller fractures in the greyschist.  
The deformation style of the hydrothermal system varies depending on the size and structural setting of 
the greyschist. The large-scale hydrothermal breccia has a sharp (BR2) or wavy boundary (BR6) to the 
greyschist within pre-existing joint fractures (Figure 4.2,  4.3). On a smaller scale, the hydrothermal 
Figure 4.3: Field photo of location BR6, approximate 200 m north from BR2. The picture illustrates a large hydrothermal 
breccia (yellow) cross-cut a metamorphic sequence of psammite, pelite rocks and a quartz vein (blue). The red circle 
indicates the location of the rock samples from BR6. Yellow chisel for scale. 
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breccia and veins also penetrate 
joint fractures. If the 
concentration of joints in the 
greyschist is high, the 
hydrothermal breccia penetrates 
between multiple fractures. On all 
scales, the hydrothermal system 
shows the present with or without 
an alteration halo (Figure 4.4).  
4.2.2) Structural 
measurements: 
The joint fractures within the 
greyschist are part of the youngest 
deformation before the formation 
of the hydrothermal breccia at 
Bruce Rocks due to cross-cutting 
relationships. The orientation 
measurements of the joints, 
foliation, and hydrothermal 
breccias and vein network from 
outcrop BR2, BR6, and other 
outcrops at the field location, as shown in figure 4.2 and figure 4.3. The joint and foliation measurement 
shows a minor degree of spreading with a general E-W and NW-SE orientation, respectively, where the 
joints are sub-perpendicular to the foliation (Figure 4.5). The plane orientation of the hydrothermal 
breccia overlaps both the orientation direction with the joints and foliation. The stereonet result shows 
that all the joints belong to the same regional deformation, where the foliation shows a very similar 
trend in their orientation plane by having a minor degree of variations (Figure 4.5). The hydrothermal 
breccia and vein network forms along small-displacement faults on an mm-cm scale and follows the 
orientation of both the foliation and joints (Figure 4.5). 
Figure 4.4: Small hydrothermal vein within a pre-existing fracture with a clear 
alteration halo. Pen for scale 
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4.3) Macroscopic observations: 
4.3.1) Hydrothermal breccia – BR2: 
The hydrothermal breccias have large angular clasts and fragments on different cm scales in a cement-
bearing matrix of two different colours: pale orange, and grey (Figure 4.6A). The breccia is concentrated 
within a pre-existing joint, resulting in a very sharp boundary to the greyschist (Figure 4.6B). Carbonate 
veins along the foliation and joint fractures within the greyschist define the alteration halo caused by 
the hydrothermal breccia. The size of the alteration halo is observed to be the largest within psammite 
layers, where pelite layers have the smallest alteration halo (Figure 4.2).  
  
Figure 4.5: Stereonet of plane orientation with pole plots of the different structural settings at measured at BR2 and BR6. A) 
Joints vs Breccia. B) Foliation vs Breccia 
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4.3.2) Hydrothermal breccia – BR6: 
The contact between the breccia and greyschist is sharp on a small scale, but wavy on an outcrop scale 
where it splits into two parts at the bottom of the profile with extension veins in between them (Figure 
4.3). The breccia has a pale orange matrix colour with few areas of red oxidation colour and consists of 
two sizes of greyschist fragments, 1 cm – 2 cm and 10 cm – 15 cm in size (no average size observed) 
(Figure 4.3). The area affected by the hydrothermal breccia is focused along the foliation and joint 
fractures within the greyschist as observed at outcrop BR2 (Figure 4.2, 4.3). The alteration halo is 
spreading through the foliation of the greyschist on both sides of the breccia and cut the joints in the 
greyschist.  
4.3.3) Rock type – BR1: 
The sample BR1 consists of two separate slabs: one for multiple different thin sections and one kept for 
reference. The hand specimen description will be on the reference slab, together with the microscopic 
descriptions of 11 different thin sections from the other slab (Figure 4.7). The slab consists of two 
different sections: one section is strongly brecciated, and the other is non-brecciated. Mica grains 
dominate the dark grey layers, where quartz dominates the light-coloured layers. The mica layers vary in 
mm-cm scale, whereas the quartz layers are in general a few cms thick. Creamy white veins consist of 
carbonates (reacts with dilute HCl acid) in mm-cm scale and intrude in the foliation. Smaller mm-scale 
veins are channelled from the thicker veins and have caused fractures where carbonates are 
precipitated. The main component in the brecciated part is single rotated angular clast and fragments of 
quartz up to 10 cm in size. The matrix is a carbonate-rich cement containing scattered cubic pyrite 
minerals of a size up to a few cms.   
Figure 4.6: Two field photos taken of the hydrothermal breccia at BR2. A) Illustrates the different matrix colors of the breccia 
and the variation of clast and fragments size. Blue ruler as scale B) Illustrates a sharp contact between the greyschist and the 
hydrothermal breccia along a pre-existing joint. Yellow notebook and Measurement tape as scale. 
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4.3.4) Rock types – BR2 and BR6: 
Examination of the mineralogy, microstructures, and geochemistry of BR2 and BR6 includes rock 
samples associated with the greyschist, breccia, and alteration halo (Figure 4.2, 4.3). Outcrop BR2 
includes samples BR2.A and BR2.B, which are from the hydrothermal breccia. BR2.D1+D2 are two rock 
sample collected from the greyschist located close to the contact of the hydrothermal breccia. 
BR2.E1+E2 are two hydrothermal altered rock samples collected within the alteration halo but further 
away from the contact to the hydrothermal breccia (Figure 4.2, 4.8).   
Rock samples from BR6 consist of BR6.A from the hydrothermal breccia with a diameter of 0.5 m and 
consist of multiple greyschist fragments within the breccia matrix (Figure 4.3, 4.8A). BR6.B was collected 
at the contact between the breccia and quartz vein where BR6.D is a rock sample of the alteration halo 
about 1 meter from the hydrothermal breccia (Figure 4.3, 4.8). 
The rock samples show a variation in the matrix colour from grey to pale orange with a sharp colour 
change between them (Figure 4.2, 4.8B). The breccia matrix is very fine with small angular clasts (2 – 5 
Figure 4.7: A chaotic non-foliated breccia caused by multiple CO2-bearing fluids. The collected sample (BR1) was  a 
boulder collected by Prof. Dave Craw at Bruce Rocks. Thin section (BR1.A-J) are marked with blue on the slab. 
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µm) where the quartz layers in the greyschist have been penetrated by carbonates between the quartz 
grains (Figure 4.2, 4.8B). 
The alteration halo represents two different stages of hydrothermally altered rocks; moderately altered 
greyschist without hydrothermal carbonate veins (Figure 4.8C) and highly altered greyschist with 
hydrothermal carbonate veins (Figure 4.8D). Both hydrothermally altered rocks were collected very 
close to each other as part of the alteration halo of the hydrothermal breccia at outcrop BR2. The 
moderately altered rocks have a preserved schistosity texture with a foliation made up of very fine 
quartz and mica grains and found on close to the contact of the hydrothermal breccia at outcrop BR2 
(Figure 4.2, 4.8C). The highly altered rocks have a pale orange colour, with a strong colour change to 
pale orange where the hydrothermal carbonate veins are present in the greyschist and found within the 
foliation of the greyschist 0.5 m from the contact to the hydrothermal breccia. (Figure 4.2, 4.8D). 
Figure 4.8:  Rock samples collected at outcrop BR2 and BR6 at Bruce Rocks. A) BR6.A – Hydrothermal breccia with multiple 
greyschist fragments within the breccia matrix. B) BR2.A and BR2.B – Two samples of hydrothermal breccia showing the 
variation of the breccia matrix color. C) BR2.D – Greyschist sample collected close to the contact of the hydrothermal breccia. 
D) BR2.E – Rock sample of the hydrothermal altered greyschist with multiple carbonate vein penetration along the foliation 
of the greyschist.  
34 
 
4.4) Microscopic observations: 
The purpose of the microscopic section is to describe the mineralogy, texture, and microstructure of the 
greyschist, hydrothermal breccia, and altered greyschist. The aim is to use the microscopic observation 
for further investigating of the geochemistry and isotopic systems of the hydrothermal system. 
4.4.1) Microscopy – Breccia: 
The hydrothermal breccias at outcrop BR1, BR2, and BR6, are made up by four major mineral phases; 
quartz, plagioclase, mica, and carbonate, accompanied by pyrite. Quartz and plagioclase have a grain 
size reaching 0.5 mm with an anhedral to subhedral morphology, making up fragments and clast in the 
breccia matrix (Figure 4.9A). Two types of mica grains are present in the brecciated rock; large anhedral 
grains up to 2 mm in size and smaller elongated subhedral grains up to 0.5 mm (Figure 4.9B). The larger 
mica grains are present as both single grains in the breccia matrix or as part of the original foliation of 
the greyschist (Figure 4.9B). Mica grains up to 0.5 mm are found following the preserved foliation but 
also as individual grains follow along with the grain boundary of quartz and feldspar with a different 
orientation. 
Carbonate is found as either fibrous veins, coarse anhedral grains, and as the primary matrix mineral 
phase. Fibrous veins have a thickness up to 0.5 mm and occurs along with fractures, foliation and the 
grain boundary of the host rock mineral phases. Coarse anhedral carbonate is located within cracks or as 
larger 1-2 mm thick veins in fragments with a different angle of the smaller veins. The breccia with a 
pale orange has carbonate veins present with a brown mineral phase at the rim, where a grey colour 
breccia shows no sign of a mineral phase at the carbonate vein rim. Pyrite is present as individual grains 
Figure 4.9: A) Large greyschist fragment together with individual angular clast within the breccia matrix. Two generation of 
hydrothermal veins within the fragments; thicker anhedral vein crosscut by smaller veins following the grain boundary. B) 
Carbonate breccia matrix surrounding large elongated mica grains associated with fibrous carbonate veins. 
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on a cm-scale or as elongated or rounded clustered grains in the breccia matrix. The size of the 
individual grains is in general <0.1 mm whereas the fragments are distinctly larger with a size of >2 cm. 
The categorisation of the hydrothermal breccia is a cement-supported chaotic breccia, but the ratio 
between the matrix and fragments varies within the breccia matrix in BR1, BR2, and BR6. 
4.4.2) Microscopy – Altered greyschist: 
The alteration halo is part of two types of altered greyschist; highly and moderately altered. The 
moderately altered greyschist is from the contact with the hydrothermal breccia, as shown in figure 4.2 
and represent sample BR.2D (Figure 4.8C). The moderately altered rocks show a schistosity with no 
textural deformation caused by the hydrothermal system and come from further away than the vein. 
Layers of quartz and plagioclase together with elongated mica grains which have a preferred grain 
orientation define the foliation. An anhedral yellow-brown ellipsoidal grain with a size between 0.1 – 0.2 
mm are present within the foliation of micas with a porphyroblastic texture (Figure 4.10A).  
Highly altered greyschist is located within the alteration halo with hydrothermal carbonate veins on 
mm- and cm-scale (BR2.E; Figure 4.2, 4.8C). These carbonate veins have fibrous textures and are located 
along the foliation and grain boundaries in the greyschist. There is a size variation between 30-60 µm or 
5-10 µm (Figure 4.10B).  Carbonate veins in contact with mica layers have a distinct dark brown mineral 
phase not observed in veins within quartz-feldspar layers. The dark brown mineral phases are similar to 
those observed in the breccia with a pale orange matrix. The carbonate veins found on a cm-scale are 
made up by coarse anhedral grains that host a distinct mm-scale yellow-brown carbonate phase. 
Elongated subhedral mica grains are present with a size up to 0.5 mm and are observed with a general 
orientation along the foliation but also along the grain boundary with different orientations.  
Figure 4.10: A) Moderately altered greyschist with a yellow-brown mineral phase within the foliation together with quartz 




4.4.3) Microstructures of the hydrothermal carbonate phases: 
The internal texture of the different types of carbonate veins varies depending on the structural setting, 
but none shows sign of deformation twinning in their crystal lattices. The observation of multiple 
generations of fibrous veins in the breccia matrix cross-cut each other in a different direction shows a 
very complex texture (Figure 4.9A, 4.10B). 
Fibrous veins in highly altered greyschist rocks are found both with and without a syntaxial vein texture 
(Figure 4.10B). The thicker carbonate veins on an mm scale have a wavy texture along the foliation, but 
some of them have a sharp transition into thinner extensional veins in quartz-feldspar layers (Figure 
4.10B). The thinner carbonate veins tend to follow the individual grain boundary with multiple 
orientations, but also observed cuts individual grains (Figure 4.10B). The syntaxial veins show a large 
variation by being made up of two or more different composition depending on the structural setting of 
the greyschist (Figure 4.11B).  
A large carbonate vein on a cm-scale in the highly altered greyschist hosts a yellow-brown carbonate 
phase similar to the moderately altered greyschist (Figure 4.11A). The yellow-brown carbonate has a 
sharp crystal shape but shows an internal break-down texture on the rim of the crystal and within the 
crystal lattice. The observation shows the presence of euhedral grains and anhedral grain with an 
irregular round shape within the vein matrix (Figure 4.11A). The grain size of both carbonate types 
varies, where larger euhedral grains shows sign of zonation, but none of the other carbonate types is 
more significant than the yellow-brown carbonate phase.  
Figure 4.11: Backscattered image (BSE) from SEM. A) Three types of carbonate texture within a large carbonate veins on a cm 
scale; smaller euhedral grains, anhedral rounded grains and euhedral crystal shape. B) Carbonate veins associated with mica 




The gathered information from the different outcrops and rock samples associated with the 
hydrothermal breccia provides essential information to understand the hydrothermal system. The field 
observation and structural measurement will be used to understand the structural setting of the 
hydrothermal system. The mineralogy, texture, and microstructures will provide insight into the relative 
timing and evolution of the hydrothermal system. 
4.5.1) Structural evolution of the hydrothermal fluid system: 
The hydrothermal breccia shows a complicated texture of multiple carbonate veins cross-cutting each 
other together with a size variation of greyschist fragments and mineral clasts within the breccia matrix 
(Figure 4.9A, 4.9B). The carbonate veins in the altered greyschist are present as thick fibrous and 
syntaxial veins penetrating along the foliation, where thinner veins tend to follow the individual grain 
boundary (Figure 4.10B, 4.11B).  The observation indicates a complex multi-stage fluid flow evolution 
during brecciation due to the cross-cutting relationship between the individual carbonate veins. As the 
hydrothermal fluid travels along the displacement faults, it is also accessing the adjacent greyschist 
along the foliation surfaces and areas where the permeability was sufficient high. The fluid flow 
evolution in the alteration halo is thereby structural controlled by the permeability in the greyschist due 
to penetrating along the foliation, mineral grain boundaries, or pre-existing joints. The argument for this 
is that the dominant orientation of the hydrothermal breccia and vein networks on a macro scale 
follows the orientation of the pre-existing exhumation joints and foliation (Figure 4.5). On a microscopic 
scale, fluid diffusion in the wall rock was structurally controlled by the permeability, due to penetrating 
along fractures and foliation surfaces and mineral grain boundaries (Figure 4.9B, 4.9B). 
The syntaxial veins in the highly altered greyschist show a density difference between the rim and core 
of the carbonate veins (Figure 4.11B). The density difference indicates a variation in the geochemistry 
composition between the rim and core of the syntaxial veins. The formation of the syntaxial veins can be 
explained by multiple fracture propagation stages along the foliation in the greyschist, causing 
precipitation of carbonate veins in the early stage of the alteration halo. The formation of fracture 
propagation could be caused by an increase in fluid pressure within the hydrothermal system, causing 
an extensional regime to counter the fluid pressure change (Sibson et al., 1988; Jébrak, 1997). The 
extensional regime forms fractures where the permeability is weakest, along the foliation and grain 
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boundary, creating a pathway for the hydrothermal fluid (Figure 4.12A, 4.12B, 4.12D, 4.12E). An episodic 
change in fluid pressure will cause new fractures to form, and new carbonate veins forming within pre-
existing veins results in the formation of syntaxial veins on a local scale (Figure 4.12C, 4.12F). The 
compositional change between the rim and core of the syntaxial veins can reflect a variation of the fluid 
composition in the hydrothermal system or cause by fluid-rock interactions with the greyschist.  
4.5.2) Timing and evolution of the hydrothermal system: 
The hydrothermal breccia belongs to the youngest deformation generation by cross-cutting both the 
deformation joints and foliation in the greyschist (Figure 4.2, 4.3, 4.4). The structural measurements of 
the deformation joints and foliation show that the orientation of the joints is sub-perpendicular to the 
foliation in greyschist (Figure 4.5, 4.5B). The sub-perpendicular orientation between the joints and 
foliation in the greyschist correlates with representing the Late Cretaceous exhumation joints formation 
(Weinberger et al., 2010). The observation and correlation give the hydrothermal system a relative age 
younger than Late Cretaceous, but it remains uncertain how young the system is.   
The correlation between the structural and microscopic observation of the hydrothermal system 
support that the permeability of the greyschist controls the formation of the hydrothermal system 
(Figure 4.12, 4.13). The size variation of the hydrothermal system from veins to breccia indicate a 
Figure 4.12: Formation of syntaxial veins in highly altered host rock associated with mica layers (A-C) and quartz-feldspar 
layers (D-F). Episodic evolution of an extensional regime caused by changes in fluid pressure creating pathway for the 
primary and secondary fluid flow. Fractures forms along the foliation (A-B), grain boundary (D-E) and pre-existing fractures 
(C+F) and where the permeability is lowest in the greyschist. 
39 
 
complex fluid evolution occurring over multiple stages. The large-scale hydrothermal breccia represents 
the first fluid generation and is penetrating along the pre-existing Late-Cretaceous joint formation in the 
greyschist (Figure 4.13). The second fluid generation occurs within the foliation in the greyschist by 
forming hydrothermal veins on a cm-mm scale and controls the size of the alteration halo (Figure 4.13).  
The carbonate phases in the fibrous or anhedral veins do not show the presence of deformation 
twinning in their crystal lattice (Figure 4.9, 4.10). The development of thin deformation twinning in 
carbonates occurs at a low temperature below 170°C whereas thicker deformation twinning is present 
in carbonate deformed above 200°C (Groshong Jr, 1988; Ferrill et al., 2004). The absence of deformation 
twinning in the carbonate phases indicate that precipitation of hydrothermal carbonate occurred under 
very low-temperature conditions at a shallow crustal level or by the absence of deformation of the 
carbonate phases. 
Small scale mineralisation systems were formed in the early Miocene, most likely caused by dehydration 
from the exhumation of the basement in the early stage of the formation of the Alpine Fault, along the 
Australian-Pacific plate boundary. The mineralisation systems are within a few kilometres depth of the 
paleo-surface within the Otago Schist, and the hydrothermal system shows similar observation with 
these young mineralisation systems (Craw et al., 1991, 2009; Mortensen et al., 2010; Wellnitz et al., 
2018).  The observation and correlation, therefore, give the timing of the hydrothermal system 
estimated to be in the early Miocene (~20 Ma), probably within a few kilometres of the paleo-surface. 
Figure 4.13: Schematic illustration of the formation of the hydrothermal fluid systems at Bruce Rocks. The primary fluid flow 
direction from the systems occurs along pre-existing deformation joints. A secondary fluid flow direction penetrates along 
the foliation of the greyschist. 
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Chapter 5: Major and trace element 
geochemistry of the hydrothermal fluid system 
The focus of this chapter is to present the EMPA, SEM, LA-ICP-MS data, and combine them with the 
petrographic observations. The chapter aims to use the composition of the mineral phases and variation 
in their geochemistry to provide insight into the hydrothermal fluid evolution. 
5.1) Major Element Geochemistry: 
The geochemical data collected on the EMPA and SEM data include element maps of areas with complex 
texture and microstructures of the hydrothermal breccia and altered greyschist, together with the 
composition measurement of the carbonate phases. The purpose is to categorise the different type of 
carbonate phases and investigate the element distribution within the hydrothermal system.  
5.1.1) The hydrothermal breccia: 
Clasts in the hydrothermal breccia are composed of quartz, albite, muscovite surrounded by a 
carbonate-rich matrix. An EMPA element map of the hydrothermal breccia shows that the dominant 
carbonate phase to be calcite due to high Ca-concentration (Figure 5.A). The hydrothermal breccia also 
shows sign of a more Mg-rich carbonate phase around large mica grains within the breccia matrix 
(Figure 5.B).  The Mg-rich carbonate phase around the mica grains shows similar texture as the syntaxial 
Figure 5.1: EMPA element concentration maps of the hydrothermal breccia present with muscovite and carbonate matrix 
from BR1.D. A) Ca-concentration map. B) Mg-concentration map. 
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veins in the highly altered greyschist. (Figure 4.11B, 5.B). Large pyrite grains consist mainly of Fe as 
either individual anhedral rounded grains scattered within the breccia or with an extensional boudin 
texture (Figure 5.2). The Fe-concentration of pyrite shows a very homogenous composition throughout 
the breccia (Figure 5.2). 
5.1.2) Altered greyschist: 
BR2.E is a highly altered greyschist with multiple generations of smaller veins cross-cutting quartz 
segmentation veins and a distinct alteration halo around one large carbonate vein (Figure 5.3A). The 
element map reveals that the alteration halo is to be made up of multi-generation vein textures 
comprising calcite, which defines the distinct alteration halo boundary (Figure 5.3A, 5.3B). The element 
map also reveals that the distinct sharp euhedral carbonate observed within its vein matrix has a Fe-rich 
composition (Figure 4.11, 5.3B). The observation of the element maps in the hydrothermal breccia and 
altered greyschist shows various carbonate compositions (Figure 5.2, 5.3). 
Figure 5.2: SEM Ca, Fe, Mg, S, and K element map of the breccia matrix from BR6.A showing large Fe-rich pyrite grain 
surrounded by a very complex vein texture of carbonate together with mica. Green area represent calcite, but Fe-rich 




Figure 5.3: SEM element map with element color code in the bottom right corner. A) Thin section slide (27 x 46 mm) with a 
large carbonate vein shows a very clear alteration halo in a hydrothermal altered host rock with multiple quartz veins. EMPA 
transect line marked with black line. B) Close up element map located within the black square in fig. 5.2A showing the 
alteration halo is made up by small Ca-rich carbonate veins. The large carbonate veins have Fe and Mg in their composition 
together with Ca and hosts multiple Fe-rich carbonate grains. 
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5.2.1) Carbonate phases in the hydrothermal breccia: 
Measurements of the different type of carbonate phases were conducted by spot analysis together with 
transects across grains and veins in BR2.E. According to their geochemical composition, three different 
types of carbonate are categories: calcite (CaCO3), ankerite(Ca(Fe,Mg)(CO3)2), and siderite (FeCO3).  
Figure 5.2 showed the breccia to be made up by multi-
generation of Ca-rich veins, but also a low concentration of 
Fe-rich carbonate phases (Figure 5.4B). The main carbonate 
phase in the hydrothermal breccia is calcite,  present as 
fibrous and anhedral carbonate veins within the breccia 
matrix (Figure 4.9A, 4.9B, 5.A, 5.2; Table 5.1, Appendix A). 
Carbonate alongside mica grains, however, has an ankeritic 
composition, whereas the matrix has a calcite composition 
(Figure 5.B, 5.4A, 5.4B; Table 5.1). Ankerite and siderite are 
both presences in Fe-rich area in the breccia matrix and 
associated with muscovite (Figure 5.B, 5.2, 5.4A, 5.4B; Table 
5.1). On a local scale, smaller individual muscovite grains are 
associated with ankerite, with a distinctly different texture 
than the larger muscovite grains (Figure 5.4B).  
No Fe wt% Mg wt% Ca wt% 
1 6.79 9.27 20.71 
2 8.44 8.14 21.00 
3 8.41 8.61 20.59 
4 8.98 7.78 20.80 
5 8.16 8.73 20.77 
6 7.73 9.30 20.58 
7 7.52 8.85 20.98 
8 0.40 0.08 39.79 
9 0.43 0.10 39.69 
10 0.56 0.10 39.40 
11 0.52 0.09 39.02 
12 0.53 0.14 38.48 
13 37.92 2.91 1.64 
14 35.65 4.65 0.52 
15 8.99 8.38 19.13 
16 9.79 7.50 19.29 
17 1.43 0.15 33.27 
18 33.00 4.89 1.80 
Table 5.1: EMPA and SEM spot analysis of 
carbonate from the hydrothermal breccia (BR1). 
Sample numbers correlate with fig. 5.5. Data 
appendix A. 
Figure 5.4: A) EMPA-BSE image from EMPA showing muscovite grain surrounded by a carbonate breccia matrix, same area as 
figure 5.1A, 5.1B. B) SEM element map of Ca, Fe, Mg and K, showing the present of a Ca-rich matrix together with small area 
of Fe-rich carbonate area. Spot size of the EMPA and SEM measurements are not for scale, size = 5 µm. Sample number 
correlate with table 5.1. Data appendix A. 
44 
 
5.2.2) Carbonate phases in highly altered greyschist: 
An EMPA transect line was performed across the large carbonate vein in sample BR2.E to examine the 
variation of the different carbonate phases (Figure 5.3A, 5.3B). The transect line shows a complete 
composition variation between calcite and ankerite, together with siderite (Figure 5.5). A Ca, Fe and Mg 
element map (Figure 5.6A) reveals that the large carbonate vein hosts multiple different carbonate 
phases according to their composition and texture, as described in chapter 4 (Figure 4.11A, 5.6A). The 
petrographic and geochemical results show that different carbonate types can be categorised as 
anhedral rounded calcite grains, large euhedral siderite grains, and smaller euhedral dolomite grains 
(Figure 5.6A). Dolomite and siderite grains show a similar texture by both having a sharp euhedral 
crystal structure, except that the siderite grains are distinctly larger (Figure 5.6A, 5.6B). The large siderite 
grains show a breakdown texture along the rim and within the crystal lattice made up of by almost pure 
Fe-oxide (Fe wt% = ~50). 
Figure 5.5: EMPA measurements of the large carbonate vein from the highly altered rock plotted on a Fe+Mg vs Ca diagram 
in wt%. Data appendix A. 
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The composition of dolomite is only found within the large carbonate vein. It is found to have an Mg 
wt% = ~9, and Fe wt% = ~1.5, whereas siderite has a higher Fe wt% = ~30, and Mg wt% = ~7. An ankeritic 
matrix surrounds the individual different carbonate types in the large carbonate vein (Figure 4.11A, 
5.6A).   
The alteration halo around the large carbonate vein hosts multiple calcite veins that have fibrous 
syntaxial vein textures (Figure 4.11B, 5.6B). An element map of a syntaxial vein shows that the core is 
composed of calcite and the rim is made up by both siderite and ankerite (Figure 5.7A). The ankerite-rich 
areas on the rim of the syntaxial veins are only locally developed and occur where small individual 
muscovite are present, as observed in the hydrothermal breccia (Figure 5.4B, 5.7A). Besides the small 
calcite veins and the fibrous syntaxial veins in the alteration halo of rock sample BR2.E, a thick carbonate 
Figure 5.6: A) SEM element map of Ca, Fe and Mg, showing sharp euhedral siderite and dolomite grain together with 
anhedral round calcite grain in an ankerite matrix. B) Sharp euhedral siderite grain in the large carbonate vein, showing a 
break-down texture at the rim and crystal lattice. 
Figure 5.7: A) Element map of figure 4.11B, showing a syntaxial vein in contact with muscovite where the core is composed 
of calcite and where siderite and ankerite make up the rim of the syntaxial vein. B) Thick carbonate vein with small anhedral 
calcite in an ankeritic matrix. 
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vein is observed cross-cutting the calcite veins (Figure 5.2B, 5.7B). The thick carbonate vein shows 
similar texture like the large carbonate vein, by hosting rounded anhedral calcite grains in an ankeritic 
matrix, but without the presence of siderite and dolomite grains (Figure 5.6A, 5.7B). The petrographic 
and geochemistry results categorise three types of carbonate veins within the alteration halo in altered 
greyschist; small calcite veins, fibrous syntaxial veins, and large carbonate veins.  
5.2.3) Carbonate phases in moderately altered greyschist: 
The moderately altered greyschist shows a different texture and mineralogy compared to the highly 
altered greyschist due to the absence of hydrothermal carbonate veins. Instead, the carbonate phases in 
this rock type are restricted to rounded siderite grains (Figure 4.10A, 5.8). The siderite grains in the 
moderately altered greyschist have the same composition as siderite measured in highly altered 
Figure 5.8: Moderately altered greyschist with siderite, muscovite and kaolinite. Chlorite are forming along the cleavage 
within muscovite grains. Data appendix A 
47 
 
greyschist and hydrothermal breccia. These 
siderite grains occur with muscovite grains and 
an uncertain clay mineral phase (low density in 
the SEM-BSE in figure 5.8). A lot of muscovite 
shows the presence of chlorite along its cleavage 
(Figure 5.8). EMPA data of the clay mineral 
phase shows to be made up by Al and Si and 
probably representing kaolinite. There is a 
general low concentration of kaolinite, and it is 
present along the cleavage of muscovite grains 
and as individual grains (Figure 5.8). The 
individual elongated muscovite grains are found 
together with kaolinite and show a different 
texture than muscovite with chlorite along their 
cleavage (Figure 5.8). 
The hydrothermal siderite grains are aligned to 
the schistosity defined by metamorphic 
muscovite, chlorite, feldspar, quartz, and 
kaolinite and have a width of up to 200 µm 
(Figure 4.10A, 5.8, 5.9A). EMPA element maps 
show the concentration of Mg and Ca of the 
moderately altered greyschist and show clearly 
the location of siderite on different scales 
(Figure 5.9A). The Ca element map reveal the 
presence of micro grains with a high Ca-
concentration forming close to the siderite 
grains, which have distinctly lower Ca-
concentration than distal siderite (Figure 5.9C). 
The low Al and Fe indicate that the Ca-rich 
mineral phase is most likely calcite (Figure 5.9A, 
5.9B, 5.9C).   
Figure 5.9: A) EMPA-BSE of moderately altered greyschist. B) 
Mg-concentration of 5.10A, showing the presence of siderite by 
a high Mg-concentration. C) Ca-concentration showing the 
presence of small calcite grain by a high Ca-concentration. 
Concentration scale for 5.10B, 5.10C located at the bottom. 
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5.3) In-situ trace element geochemistry: 
LA-ICP-MS data results include in-situ trace element concentration (in ppm) and will focus on Rare Earth 
Elements (REE) ranging from 57La to 71Lu, which all typically have a 3+ ionic charge but with a decrease 
ionic radius towards Lu (La is the biggest and lightest and Lu is the smallest and heaviest). Ca2+, Fe2+, and 
Mg2+ are the main components in the different type of carbonates, whereas Sr2+ is a common trace 
element substitute within carbonate phases due to its similar ion radius and charge. 
5.3.1) Trace elements: 
LA-ICP data include spot analysis of calcite from 
the hydrothermal breccia and altered greyschist. 
Calcite in the alteration halo is associated with 
quartz-feldspar layers (AH: q-f) and mica-layers 
(AH: m) (Figure 5.10A, 5.10B). The measurements 
from the large carbonate vein (referred to as 
vein1) are from the vein matrix and individual 
Samples LaN/LuN EuN/EuN* Sr (ppm) 
Calcite (Breccia) 1.54 - 16.58 0.79 - 1.10 500 – 3840 
Siderite 2.35 - 2.50 0.94 - 1.02 614 – 703 
Vein1 – 1 5.46 - 7.54 0.64 - 1.17 488 – 683 
Vein1 – 2  9.71 - 23.20 0.87 - 1.05 984 – 1675 
Calcite (AH:m.) 5.40 - 12.20 0.83 - 1.02 2224 – 3116 
Calcite (AH:qf) 3.53 - 7.94 0.85 - 0.95 1433 – 2082 
Table 5.2: LA-ICP-MS results of LaN/LuN, EuN/EuN* ratio of 
the different carbonate types, normalised to chondrite 
values (Sun & McDonough, 1989). AH = Alteration Halo, m 
= mica layer, q-f = quartz-feldspar layer. Sr concentration 
in ppm. Data appendix B. 
Figure 5.10: LA-ICP-MS in-situ trace element spot analysis locations. A) Calcite vein in the alteration halo in a quartz-feldspar 
layer (AH: q-f). B) Calcite vein in the alteration in a mica layer (AH: m). C) Large carbonate vein (vein1) showing spot 
measurement of the vein matrix (red) and individual siderite grains (blue). Calcite in the hydrothermal breccia. 
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large siderite grains (Figure 5.10C). The hydrothermal breccia includes measurement of calcite large 
fibrous veins (Figure 5.10D). The REE pattern is normalised to Chondrite values and trace element 
pattern to the Primitive Mantle both from Sun and McDonough (1989).  
Rare earth element and trace element patterns represent the average concentration according to 
different REE trends. The rare earth elements have a negative trend that shows general LREE 
enrichment (LaN/LuN = 1.9 and 23.2; Table 5.2, Appendix B). The lowest concentration of REE occurs in 
carbonate in vein1, whereas the highest concentrations – by one order of magnitude – are in siderite 
(Figure 5.12). Calcite from the breccia and calcite in mica layers (Calcite AH:m) and vein1 in the 
alteration halo, displays the highest range in LaN/LuN (Calcite (AH:m)  = 5.4 – 12.2, vein1 – 2 = 9.7 – 23.2, 
calcite(breccia) = 1.5 – 16.6; Table 5.2). Every sample has a considerable variation in EuN/EuN* values 
Figure 5.12: Average trace element pattern from the different carbonate types normalised to primitive mantle values (Sun & 
McDonough 1989). Data appendix B 
Figure 5.11: Average REE pattern from the different carbonate types normalised to chondrite values (Sun & McDonough 
1989). Data Appendix B  
50 
 
representing both positive and negative Eu anomalies (EuN/EuN* = Eu/(Sm×Gd)½) (Table 5.2). The spider 
diagram of trace element shows negative anomalies of the large ion lithophile elements (LILE) Rb and K, 
and high field strength elements (HFSE)  Zr, Hf, Ti, Nb, P (Figure 5.12).  The trace element diagrams also 
show a positive anomaly in Sr compared to the primitive mantle (Figure 5.11). 
Ca, Fe, and Mg are the three major elements in the carbonate phases, and figure 5.13 illustrates the 
changes in Ca% (Ca% = Ca/(Ca+Fe+Mg) vs Sr (ppm). The strontium concentration varies depending on 
the different types of carbonate phases. The lowest Sr concentration measured is from siderite with 
values of 614 – 703 ppm and the lowest Ca%.  Vein1 is the only sample to show a significant negative 
trend by an increase in Sr concentration with a negative Ca% representing an increase in Fe and Mg-
concentration (Figure 5.13; Table 5.2). Calcite(Breccia) also shows a slightly negative trend as Vein1, but 
are still having almost a pure calcite composition. The highest Sr concentration is from calcite (AH:m), 
and a few calcite samples from calcite in the hydrothermal breccia, with Sr values exceeding 2000 ppm 
(Table 5.2). The two different groups of calcites from the alteration halo plots close together, but calcite 
from mica layers (calcite (AH: m)) halo has a higher Sr concentration than calcite from quartz-feldspar 
Figure 5.13: : LA-ICP data of Ca% (Ca% = Ca/(Ca+Fe+Mg) ) vs Sr (ppm) from the different type of carbonate phases. AH = 
Alteration halo, m = mica layer, q-f = quartz-feldspar layer, vein1 = large carbonate vein. Data appendix B 
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The observations presented in both chapter 4 and 5 supports a complex evolution involving episodic 
fluid flow in the hydrothermal systems that was structurally controlled by the permeability of the 
greyschist.  
5.4.1) Hydrothermal alteration caused by a CO2-rich fluid: 
Calcite, siderite, ankerite, and dolomite are the main carbonate phase precipitated from the 
hydrothermal system. The dominant phase in the hydrothermal breccia is calcite, and this makes up 
fibrous veins and the breccia matrix. Two types of alteration of the greyschist are present; one with 
penetration of hydrothermal calcite veins (highly altered greyschist), and another with siderite align with 
the schistosity (moderately altered greyschist). The different carbonate phases and alteration styles of 
the greyschist represent either a variation of the hydrothermal fluid composition or fluid-rock 
interaction with the metamorphic mineral phases. The role of epidote is further discussed in Chapter 6 
in light of the isotope and whole-rock geochemical data 
5.4.1.1) Metamorphic reactions with CO2: 
Metamorphic mineral reactions with the hydrothermal system are observed in the moderately altered 
greyschist, by the formation of the clay mineral phase kaolinite and hydrothermal siderite (Figure 5.8). A 
Fe-rich metamorphic phase is required to react with CO2 to precipitate siderite, and metamorphic 
muscovite and chlorite could be potential sources. The breakdown of chlorite ((Fe,Mg)4AlSi3O10(OH)8) 
due to CO2 will result in Fe and Mg forming siderite and Si, Al, O, and H will go and form kaolinite and 
quartz (Craw et al., 2009)  (Eq. 5.1).  
Chlorite + CO2 → siderite + kaolinite + quartz                                            (5.1) 
The breakdown of metamorphic muscovite (K(Fe,Mg)2Al2Si3O10(OH)3) means release Fe and Mg and 
reacts with CO2 to form siderite. Si, Al, K, O, and H should then go and form hydrothermal muscovite 
instead of kaolinite due to K not fitting in the crystal structure of kaolinite (Craw et al., 2009) (Eq. 5.2).  
Muscovite + CO2 → hydrothermal muscovite + siderite                                   (5.2) 
Hydrothermal muscovite is found in the moderately altered greyschist as individual elongated muscovite 
grains by having a different texture than metamorphic muscovite (Figure 5.8). Kaolinite is found within 
the cleavage of metamorphic muscovite, where chlorite also is found (Figure 5.8). The textural 
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relationship of hydrothermal muscovite and kaolinite reflects that hydrothermal siderite was probably 
formed by both equation 5.1 and 5.2 in the moderately altered greyschist (Figure 5.8, 5.9A, 5.9B).  
The smaller calcite grains present in the moderately altered greyschist require a Ca-rich metamorphic 
mineral phase to react with CO2 to form hydrothermal calcite (Figure 5.9C). A reaction between epidote 
(Ca2(Al2,Fe3+)(Si2O7)(SiO4)O(OH)) and CO2 would cause the formation of calcite according to equation 5.3 
(Craw et al., 2009): 
 Epidote + CO2 → Kaolinite + calcite                                                        (5.3) 
The apparent absence of epidote in the greyschist makes it uncertain that equation 5.3 forms calcite. 
However, epidote and calcite are typical metamorphic mineral phases in the Otago Schist (e.g., Wellnitz 
et al., 2018). Another explanation could also be the concentration of chlorite and muscovite is much 
higher than epidote, which means the high concentration of Fe and Mg will favour the precipitation of 
siderite rather than calcite.       
5.4.1.2) Hydrothermal fluid compositions: 
The difference between the moderately and highly altered greyschist is the presence of hydrothermal 
carbonate veins. The geochemistry of the different types of carbonate mineral phases in the highly 
altered greyschist varies from calcite, ankerite, dolomite, and siderite. The smaller veins have almost 
pure calcite compositions, whereas syntaxial veins are composed of siderite on the rim and calcite in the 
core of the vein (Figure 5.7A). The microstructures and cross-cutting relation discussed in chapter 4 
indicate that syntaxial veins are among the first generation of veins in the alteration halo (Figure 4.12).  
The change from siderite to calcite in these syntaxial veins indicate that siderite was the first stable 
carbonate phase in the highly altered greyschist. The precipitation of siderite requires a Fe-rich CO2-fluid 
in the early stage of the hydrothermal system that later evolved into a Ca-rich composition and caused 
calcite to be stable. The change from Fe-rich to Ca-rich could perhaps be due to the precipitate of pyrite, 
which is abundant, and the related removal of Fe. 
The large carbonate vein from BR.2E (Figure 5.3A) shows a different texture and geochemical results 
compared to the carbonate veins found elsewhere. The textural difference and cross-cutting 
relationships indicate that it belongs to the latest stage in the vein network. The geochemical results 
show a composition variation between calcite and ankerite in the vein matrix (Figure 5.5). The 
microstructures of calcite in the large carbonate vein shows a rounded texture, indicating that calcite 
was the first carbonate matrix phase. The linear trend between Ca and Fe+Mg (Figure 5.5) indicates a 
substitution behaviour, controlled by dissolving calcite to form ankerite (Figure 5.14A, 5.14B) (Eq. 5.4):  
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2CaCO3 + Fe2+ + Mg2+ → Ca(Fe,Mg)(CO3)2                                                       (5.4) 
The substitution trend requires Fe and Mg were added to this system and caused ankerite to form to 
keep the stoichiometrically balanced system (Eq. 5.4). The break-down texture of siderite represents 
disequilibrium of the individual grains causing Fe-oxide to precipitate on the rim and within the crystal 
lattice. Iron is the main component in siderite, but the geochemical measurement shows a small 
concentration of Mg and Ca (Figure 5.5). The dolomite grains in the vein matrix could be the product of 
the breakdown of siderite on the rim and crystal lattice resulting in the release of Mg and Ca, where Fe 
stay behind to forms a Fe-oxide mineral phase (Figure 5.14C) (Eq. 5.5): 
Fe(Mg,Ca)(CO3)2 → FeO + CaMg(CO3)2                                                       (5.5) 
 
5.3.1.3) Hydrothermal evolution of the breccia: 
The primary carbonate type is calcite, which dominates the smaller veins and matrix in the hydrothermal 
breccia. Ankerite is observed in contact with muscovite (Figure 5.4A, 5.4B). The ankerite-rich area in 
figure 5.5B shows similar texture as the syntaxial veins in the highly altered greyschist by having a sharp 
boundary to the calcite-rich area (Figure 5.7A). Small secondary muscovite grains in the ankerite-rich 
area indicate a reaction between the carbonate and metamorphic muscovite. If ankerite is the product 
of a hydrothermal reaction between the carbonate and muscovite, then the original composition could 
be calcite. The secondary muscovite in the ankerite-rich area indicate to be hydrothermal muscovite and 
formed by a reaction between calcite and muscovite (Eq. 5.6): 
Calcite + metamorphic muscovite → ankerite + hydrothermal muscovite                       (5.6) 
The observation points toward an early short stage occurring before the brecciation of calcite, which 
reacted with the surrounding muscovite forming ankerite and hydrothermal muscovite (Figure 5.5A, 
5.5B). Ankerite is only observed as a secondary carbonate phase forming by substitution in the large 
carbonate vein in the alteration halo (Eq. 5.4). Since the matrix, fibrous and anhedral veins have a calcite 
Figure 5.14: A schematic illustration of the formation of ankerite and dolomite in the large carbonate vein. A) The early stage 
of the fluid system showing large siderite grain forming together with calcite matrix. B) A geochemical change by adding Fe 
and Mg formed ankerite from the calcite matrix. C) Disequilibrium of siderite formed Fe-oxide on the rim and crystal lattice 
together with dolomite grain in the ankerite matrix. 
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carbonate composition, the brecciation formed from a Ca-rich CO2-fluid and not by a Fe-rich fluid as 
observed in the highly altered rocks. The formation of individual siderite grain in the hydrothermal 
breccia could be formed according to equation 5.1 and 5.2 as observed in moderately altered greyschist 
(Figure 5.4B, 5.8). Kaolinite is not found in the hydrothermal breccia so a late-stage reaction between 
muscovite and CO2 could explain the formation of siderite in the hydrothermal breccia (Eq. 5.2)  
5.4.2) Geochemistry evolution of the hydrothermal system: 
The petrographic results discussed in chapter 4 indicate that the hydrothermal breccia is from the first 
fluid generation, whereas the second fluid flow penetrated along the foliation in the surrounding 
greyschist (Figure 4.13). The two generations of fluids show different textures and geochemistries, but 
LA-ICP-MS in-situ results show a substantial similarity in REE pattern by being LREE-enriched but with 
both positive and negative Eu anomalies (EuN/EuN*= 0.6 – 1.2) (Figure 5.11). The trace element pattern 
also shows the same trend by being depleted in LILE and HFSE and enriched in Sr relative to the 
primitive mantle (Figure 5.12). The REE and trace element pattern indicates that the different carbonate 
mineral phase in the hydrothermal system is from the same source.  
Siderite and the large carbonate vein both have some of the lowest Sr values, but the large carbonate 
vein shows a negative trend of Sr with Ca% and a positive trend with Fe and Mg (Figure 5.13). The 
behaviour of Sr in the large carbonate vein is the same as the substitution trend observed by equation 
5.4 and figure 5.5. The correlation indicates that the source of Sr is probably coming from the same 
process, and causing the dissolution of calcite to form ankerite (Figure 5.14A, 5.14B). The difference in 
the Sr-concentration of calcite in the alteration halo is significant, where calcite in the mica layers 
(calcite (AH: m)) has a higher Sr value than calcite in the quartz-feldspar layer (calcite (AH:q-f)) (Figure 
5.13). Since the spot analyses are from the same thin section but two different horizons, the influence 
causing the difference in the Sr-concentration are from muscovite rather than quartz and feldspar. 
Calcite in the hydrothermal breccia shows a significant variation in Sr values, compared to siderite and 
the large carbonate vein with a high Ca% and a low Sr value (Figure 5.13). A preserved reaction between 
calcite and muscovite to form ankerite and hydrothermal muscovite is observed in the hydrothermal 
breccia on a local scale and should mean that muscovite influences the Sr concentration in the 
hydrothermal breccia (Figure 5.4A, 5.13). The geochemistry and petrographic results indicate an 
influence of Sr from muscovite in both the hydrothermal breccia and alteration halo. It is unknown what 
causes the substitution trend in the large carbonate vein, but the Sr variation correlates with the 






Chapter 6: Isotope and whole-rock 
geochemistry of the hydrothermal system 
The purpose of this chapter is to present the result of Sr, C, and O isotope data together with whole-rock 
(WR) geochemistry and Sr-Nd isotope data. The aim is to provide insight into the element mobilisation 
caused by the hydrothermal systems, and how Sr, C, and O isotope data reflect fluid-rock interaction.  
6.1) Sr, C and O isotope data of the carbonate mineral phases: 
In-situ Sr isotopes 87Sr/86Sr, δ13C and δ18O stable isotope ratios (13C/12C = δ13C and 18O/16O = δ18O) are 
from the different type of carbonate phases at Bruce Rocks. The combination of Sr, C and O isotope data 
will help to construct a better picture of the hydrothermal fluid evolution and to link it with other 
published data in the east Otago Schist. 
6.1.1) In-situ Sr isotope data: 
Strontium is an essential trace element in fluid systems due to its similar charge and ion radius to Ca, 
which means that it substitutes for this element. Rubidium is a LILE and therefore has a much larger 
ionic radius compared to Sr. Rubidium usually follows K, and since this element does not reside in typical 
Ca-rich mineral phases (e.g., carbonates and plagioclase), there is also minimal Rb. Radiogenic 87Rb 
decays by negative β-decay to the stable 87Sr isotope. With Rb being incompatible in Ca-rich mineral 
phases, it is, therefore, possible to measure the initial 87Sr/86Sr ratio (e.g., Scanlan et al., 2018; Waight 
and Tørnqvist, 2018). Any variation in the in-situ Sr isotope ratios in the different types of carbonate will 
reflect variation in the fluid and not radiogenic decay. LA-ICP-MS in-situ Sr isotope ratios are analysis 
with track measurements close to the in-situ trace element concentration of the different carbonate 
types (Figure 6.). The free software Isoplot 4.15 was used to calculate the average 87Sr/86Sr, Mean 
Square Weighted Deviation (MSWD), and Probability Density Function (PDF) graph of the different 




The MSWD and PDF graphs are useful tools to measure the goodness of fit for the average 87Sr/86Sr ratio 
(Wendt and Carl, 1991). An MSWD value of 1 is the ideal value for a single population, whereas a value < 
1 overestimates the analytical error and >1 underestimates the analytical value. A realistic and 
acceptable MSWD value for a single population isotope ratio is around 2.5, where larger MSWD values 
from the average isotope ratio would represent two or more populations. The PDF graphs will ideally 
show a Gaussian distribution if the average isotope ratio represents a single population, whereas 
multimodal distribution can show multiple single overlapping Gaussian distribution and thereby 
representing two or more population.  
6.1.2) Average Sr isotope data: 
 
Carbonate type Average 87Sr/86Sr ratio ±2σ Value range No. MSWD 
Calcite (Breccia) 0.70607 0.000150 0.70581 – 0.70623 6 6.4 
Calcite (AH: q-f) 1 0.70596 0.000087 0.705963 1 1.0 
Calcite (AH: q-f) 2 0.70624 0.000051 0.70616 – 0.70628 3 1.9 
Calcite (AH: m) 1 0.70641 0.000080 0.70636 – 0.70646 2 1.5 
Calcite (AH: m) 2 0.70606 0.000041 0.70606 – 0.70609 2 0.3 
Vein1 0.70579 0.000050 0.70566 – 0.70588 8 2.6 
Siderite 0.70624 0.000110 0.70622 – 0.70627 2 0.2 
Table 6.1: In-situ average 87Sr/86Sr isotope ratios with error and MSWD values from the different carbonate types. The high 
MSWD indicates that some values comprise more than one population. AH = alteration Halo, q-f = quartz-feldspar layer, m = 
mica layer, vein1 = large carbonate vein. Data appendix B. 
Figure 6.1: LA-ICP-MS in-situ Sr isotope ratios track analysis location together with trace element spot analysis. A) Calcite 
vein from the alteration halo in a quartz-feldspar layer (AH: q-f). B) Calcite vein from the alteration in a mica layer (AH: m). C) 
Large carbonate vein showing track of the carbonate matrix (red) and individual siderite grains (blue). D) Calcite vein from 
the hydrothermal breccia. 
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 The Sr isotope analyses are from the same samples as the trace element data in chapter 5 (Figure 6.1). 
Eight analyses of the large carbonate vein (vein1) and two analyses of siderite show single populations 
by having a Gaussian distribution according to the PDF graph (MSWD value of 2.5 and 0.2 respectively; 
Table 6.) (Figure 6.C, 6.2).  Sr isotope data from vein1 has an average ratio of 0.7058 of its eight 
analyses, and are the lowest ratio measured, where siderite shows an average ratio of 0.7062  (Figure 
6.2; Table 6.). Calcite from the alteration halo in a mica layer (Calcite(AH: m)) represents four analyses, 
which are divided into two groups showing two distinctly Gaussian distribution according to the PDF 
graph (Figure 6.1B, 6.2; Table 6.). Four track analyses are calcite from the alteration halo in a quartz-
feldspar layer (Calcite(AH:q-f)) and show the same trend as calcite(AH:m) by having bimodal distribution 
(Figure 6.1A, 6.2). The two groups from calcite(AH:m) have an MSWD value of 0.3 and 1.5, where 
calcite(AH:q-f) two groups have an MSWD value of 1.5 and 1.9 (Table 6.). Calcite(AH: m) two group have 
an average Sr isotope ratio of 0.7061 and 0.7064, which are the highest measured (Calcite(AH:m)1), 
where calcite(AH: q-f) two groups have an average Sr isotope ratio of 0.7060 and 0.7062 (Figure 6.2; 
Table 6.). Calcite grains from the hydrothermal breccia (Calcite(Breccia)) have an MSWD value of 6.4 
from six track-analyses and shows a multimodal distribution (Figure 6.D, 6.2; Table 6.1). Calcite from the 
hydrothermal breccia is the only sample group with a multimodal distribution with an average Sr isotope 
ratio of 0.7061, but an isotope data range of 0.7058 – 0.7062 (Figure 6.2; Table 6.1). It is a challenge to 
determine how many populations the multimodal distribution represent since they still cluster tightly 
together (Figure 6.2). Ideally, more data are needed; however, the small carbonate grain size made this 
problematic. The average Sr isotope data from the different carbonate types overlap between 0.7.060 
Figure 6.2: Individual In-situ 87Sr/86Sr isotope data of the different carbonate types together with the average Sr isotope ratio 
represented by the thick black line with error as dotted lines. Each group has a probability density function (PDF) graph 
beneath the samples. QV = quartz-calcite vein, AH = Alteration Halo, q-f = quartz-feldspar layer, m = mica layer, vein1 = large 
carbonate vein. Data appendix B. 
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and 0.7062, except for vein1 and one group in calcite(AH:m), with an average Sr isotope ratio of 0.7058 
and 0.7064 respectively (Figure 6.2; Table 6.). 
6.1.3) Carbon and oxygen stable isotope ratios: 
The stable isotope ratio is corrected and measured with the PDB-standard (PeeDee Belenmite) of both 




− 1] × 1000                                                            (6.1) 
To get the corrected values for δ18O, 13C and 12C are replaced by 18O and 16O in formula 5.1. For δ18O, the 
usual standard used is SMOW (Standard Mean Ocean Water), and to convert from PDB to SMOW 
required the use of equation 6.2 (IANZ, 2004): 
         𝛿18𝑂𝑆𝑀𝑂𝑊 = 1.0308 × 𝛿
18𝑂𝑉𝑃𝐷𝐵 + 30.917                                                  (6.2) 
The final measured stable isotope values presented are from multiple replicate samples from each 
carbonate types with calculated average and ±2 standard deviation (s.d.) for determining  of precision 
according to equation 6.3 (IANZ, 2004) (S = estimated s.d., N = sample numbers, y= individual sample, ?̅?= 




                                                                                   (6.3) 
Calculation of the standard deviation (s.d.)of the method, including using the sets of replicate 
measurements, which will include all variability of the sample material as well as that of the 
measurement. The s.d. of the method is useful to determine the precision of the method. Equations 6.4 
include the sample variable as equation 5.3 where 𝑆𝑖= estimated s.d. from equation 5.3, 𝑛𝑖=number of 









                                                                              (6.4) 
The calculation of s.d. of the method shows minimal errors of 𝛿 13CPDB = 7.099 x10-4 and 𝛿 8OSMOW = 1.270 




The results of δ13C and δ18O show a value range of δ13C from -11.0 to 0.8 and δ18O from 21.7 to 28.6. 
Two carbonate samples from the breccia have the highest values (BR2.A-B and BR6.B-B), where the rest 
of the values from the alteration halo, breccia, and large carbonate vein are clustered very close to each 
other with  δ13C = -5.8 to 0.8 and δ18O = 21.7 to 24.1 (Figure 6.3; Table 6.2, Appendix C).  
 Samples δ 13CPDB, ‰ ±2σ δ 18OSMOW, ‰ ±2σ 
BR2.E2-V1-1 -3.449 0.0008 21.711 0.0255 
BR2.E2-V1-2 -2.809 0.0012 22.924 0.0089 
BR2.E2-AH -5.169 0.0222 21.785 0.0171 









BR13.DB-AH -5.026 0.0856 23.572 0.0093 
BR1.B-B -5.842 0.0014 23.315 0.0057 
BR2.A-B -11.03 0.0116 26.167 0.0027 
BR6.AB-B -4.601 0.0033 24.096 0.0043 
BR6.AC1-B -1.399 0.0005 22.404 0.0009 
BR6.AF-B -2.275 0.0002 22.648 0.0928 
BR6.B-B -7.464 0.0089 28.618 0.0126 
BR6.B-B1 -2.441 0.0009 22.371 0.0062 
BR13.B-B -0.820 0.0022 23.990 0.0008 
Table 6.2: δ13C and δ18O stable isotope results with calculated s.d. Missing errors values are samples with only one 
measurement without any duplicated samples to calculate the s.d.  AH = Alteration halo, V1 = Large carbonate vein (vein1).  
Data appendix C. 
Figure 6.3: δ13C and δ18O stable isotope ratios of the different carbonate types from Bruce Rocks. The errors of the individual 
measurements are too small for the figure but are shown in table 6.2). Data appendix C. 
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6.2) Whole-rock and Sr and Nd geochemistry: 
The whole rock (WR) trace element geochemistry and Sr-Nd isotope ratios were collected from field 
outcrop BR2 (Figure 6.4). The outcrop represents a clear large hydrothermal breccia with an alteration 
halo and exposure of unaltered greyschist (Figure 6.4). The WR samples were collected as close as 
possible to within the same bedding in the greyschist to minimise the effect of heterogeneity in the 
greyschist. Three unaltered greyschist samples, four of the altered greyschist and two samples from the 
hydrothermal breccia represent the WR geochemistry results (Figure 6.4). One sample from the 
alteration halo represents moderately altered greyschist without hydrothermal carbonate veins (BRWR-
6), where three samples are associated with the highly altered greyschist with hydrothermal carbonate 
veins (BRWR-4A, BRWR-4B, BRWR-5). Sample BRWR-7 represent the breccia with a pale orange matrix 
colour where BRWR-8 represent the breccia with a grey colour matrix. 
6.2.1) Trace element - Immobile element on a hand specimen scale: 
The WR geochemistry dataset includes rock samples from unaltered to hydrothermally altered 
greyschist. There has likely been a volume change during the addition and removal of an element from 
the unaltered rock. The purpose with the WR trace element geochemistry is to get an insight into the 
mobilisation of elements within the transition from unaltered to altered greyschist. Potentially immobile 
elements in the greyschist should stay the same during the alteration process, but a volume change 
would cause dilution of the immobile element in the WR samples (Ague, 1994; Mountains and Williams-
Jones, 1995; Wellnitz et al., 2018). Mass balance correction of the WR samples is necessary to illustrate 
Figure 6.4: Outcrop of BR2 showing the location of the WR sample from the greyschist, alteration halo and breccia. The 
location of the hydrothermal breccia is marked in yellow. Backpack for scale. 
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the true element mobilisation from the 
hydrothermal systems on a hand specimens 
scale.  Calculation of mass balance during 
alteration from the WR samples requires to 
determine what elements are immobile in the 
system. Illustration of the immobile element in 
the hydrothermal systems requires that in a 
covariation diagram of two immobile elements 
can be projected to zero to represent dilution 
rather than removal or addition during 
alteration (Ague, 1994; Mountains et al., 1995; 
Wellnitz et al., 2018) (Figure 6.5). Mass balance 
calculation of CO2-bearing hydrothermally 
altered rocks in the Shotover River in the Otago 
Schist used TiO2 together with Hf, Zr, and Nb 
due to being immobile elements hosting in 
detrital zircon (Zr, Hf) and metamorphic titanite 
(Ti, Nb) in their crystal structures (Wellnitz et 
al., 2018). Figure 6.5 shows a covariation TiO2 
vs Zr, Nb, Hf diagram of unaltered and altered 
greyschist that illustrates that they can be 
projected to 0 and thereby indicating them to 
be immobile elements. Correction of the mass 
balance according to immobile elements 
requires the application of a correction factor (k) for the altered WR sample of the greyschist according 
to equation 6.5 (Wellnitz et al., 2018):  
k = ((C(TiO2)/(C*(TiO2))+(C(Zr)/C*(Zr))+(C(Nb)/C*(Nb))+(C(Hf)/C*(Hf)))/4                                     (6.5) 
C represents the measured average concentration of immobile elements from the three unaltered 
greyschist where C* is the measured concentration from each of the altered samples. The hydrothermal 
breccias represent a different rock type than the greyschist and therefore have not been mass balance 
corrected.   
Figure 6.5: Covariation diagrams of TiO2 vs Zr, Nb, Hf of the 
unaltered and altered WR greyschist. Data appendix D. 
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6.2.2) Geochemistry of the alteration and element mobilisation: 
Mobilisation of the major element shows volume-corrected enrichment in Fe2O3, CaO, MgO, MnO, and 
especially CaO compared to the unaltered greyschist (Figure 6.6). Trace element concentrations show a 
clear enrichment in Sr and Y together with the REE. The enrichment appears strongest in HREE and a 
weak loss of LREE in BRWR-5 and BRWR-6  (Figure 6.6). The other major elements in the altered 
greyschist show either a little loss or mere unchanged during alteration, together with the other trace 
elements. The rare earth elements are, in general, very enriched between Dy – Tm and lowest between 
La – Sm (Figure 6.6). La – Gd is slightly depleted in BRWR-5 + BRWR-6, but the pattern from La – Lu is 
similar in all whole-rock samples. 
6.2.3) Whole-rock Sr-Nd isotope data: 
 
Sample Rb Sr Sm Nd 87Sr/86Sr ±2σ 
87Sr/86Sr  
(20 Ma) 




BRWR-1 93.5 42.7 3.33 18.1 0.7192 1.4E-05 0.7179 1.4E-05 0.51260 8.8E-06 0.51259 8.8E-06 
BRWR-2 96.8 63 4.22 21.4 0.7145 1.7E-05 0.7133 1.7E-05 0.51265 1.2E-05 0.51263 1.2E-05 
BRWR-3 55.3 92.9 3.83 19.6 0.7094 1.3E-05 0.7089 1.3E-05 0.51264 1.0E-05 0.51262 1.0E-05 
BRWR-4A 37.6 652 5.91 26.6 0.7064 1.5E-05 0.7063 1.5E-05 0.51262 1.2E-05 0.51260 1.2E-05 
BRWR-4B 47.4 563 5.24 22.5 0.7066 1.1E-05 0.7065 1.1E-05 0.51264 9.7E-06 0.51262 9.7E-06 
BRWR-5 44.6 469 2.86 13 0.7065 2.1E-05 0.7064 2.1E-05 0.51264 1.1E-05 0.51262 1.1E-05 
BRWR-6 58.8 364 3.44 16.8 0.7070 1.1E-05 0.7064 1.1E-05 0.51263 9.7E-06 0.51262 9.7E-06 
BRWR-7 36.2 296 2.41 11.6 0.7069 1.3E-05 0.7068 1.3E-05 0.51264 1.1E-05 0.51263 1.1E-05 
BRWR-8 73.4 350 2.6 12.6 0.7077 1.2E-05 0.7075 1.2E-05 0.51250 1.0E-05 0.51249 1.0E-05 
Table 6.3: Rb, Sr, Sm, and Nd WR trace element concentration with 87Sr/86Sr and 143Nd/144Nd isotope ratio and age-corrected to 
20 Ma (Miocene). Data appendix D. 
Figure 6.6: Mass balance calculation of whole rock geochemistry for the unaltered and altered greyschist. Element with a 




Figure 6.7: : Whole rock 87Sr/86Sr vs 143Nd/144Nd isotope ratio age corrected to 20 Ma. WR Sr isotope data of the unaltered 
range of 0.7089 – 0.7179 outside the diagram indicated by the red arrow and with a narrow Nd isotope data of 0.51259 – 
0.51263 (table 6.3). The grey area represents the in-situ Sr isotope data from the different carbonate types according to table 




Whole-rock Sr-Nd isotopic ratios are age-corrected to 20 Ma to represent a Miocene mineralisation age, 
due to the petrographic observation in chapter 4 indicating young and shallow mineralisation. The Sr 
isotope ratios of the unaltered ratio have a large value of 87Sr/86Sr(20 Ma) = 0.7089 – 0.7179 but a narrow 
Nd isotopic ratios of 143Nd/144Nd(20 Ma) = 0.51259 – 0.51263 (Figure 6.7; Table 6.3, Appendix D).  The 
altered greyschist have tightly clustered Sr-Nd(20 Ma) isotope ratios of 0.7063 – 0.7065 and 0.51260 – 
0.51262 (Table 6.3). The Sr data overlap with calcite from the alteration halo precipitated in mica layers 
(Calcite(AH:m) (Figure 6.7; Table 6.3). On the other hand, the two WR hydrothermal breccia samples 
have distinct Sr and Nd isotope ratios from one another, with respectively  Sr-Nd(20 Ma) isotope data of 
0.7068 and 0.51263 (BRWR-7) compared to 0.7077 and 0.51249 (BRWR-8) (Figure 6.7; Table 6.3). The 
WR data are more radiogenic in Sr isotope data than the carbonate in-situ Sr isotope data (Figure 6.7). 
The carbonate in-situ Sr isotope data is the lowest measured in hydrothermal systems with only a minor 
overlap with the altered greyschist (Table 6.). The WR Sr isotope data of the hydrothermal breccia is 
distinctly higher than the altered greyschist. All the WR Sr isotopic ratios related to the hydrothermal 
systems are less radiogenic than the surrounding greyschist (Figure 6.7). There is almost no change in 
the Nd isotopic ratio of any of the WR samples, except BRWR-8, which has a slightly less radiogenic 
143Nd/144Nd(20 Ma)= 0.51249 (Figure 6.7; Table 6.3).  
6.3) Discussion: 
The in-situ Sr, C and O isotopic ratio together with the WR geochemistry and Sr-Nd isotopic ratio results 
provide an opportunity to understand the pathways of the hydrothermal fluids. The petrographic and 
geochemistry results reflect variation in the carbonate phases, and the isotopic systems can link the 
variation with the hydrothermal evolution. The isotopic and WR geochemistry results will provide a 
deeper understanding to link it with the petrographic and geochemistry results to provide an overall 
image of the hydrothermal system at Bruce Rocks. 
6.3.1) Isotopic variation between the Bruce Rocks and the Otago Schist: 
Data collected between Taieri Mouth and Chrystalls beach, 20 km south from Bruce Rocks (referred to 
as Akatore Coast (Frank, 2016)) are compared to investigate similar behaviour on a local scale. 
Investigation of a connection on a broader regional scale river involve comparison of whole-rock Sr 
isotope ratio from the East Otago Schist together with Sr, C and O isotope data from carbonate and 
epidote from the Shotover River and West Otago Caples terranes (Adams and Graham, 1997; Craw et 
al., 2009; Scanlan et al., 2018; Wellnitz et al., 2018). 
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6.3.1.1) Sr, C and O isotope data from the Otago Schist: 
The fluid activity enhanced in the Otago Schist occurred between the Late Cenozoic-resent due to rapid 
uplift of the basement caused by the active Alpine fault (Craw et al., 1991; Wellnitz et al., 2018). Age-
corrected (20 Ma) WR data of different rock types located on the Otago Schist from both the Rakaia and 
Caples terranes show the 87Sr/86Sr isotopic ratio between 0.7066 and 7.284 (Adams et al., 1997) (Figure 
6.8). In-situ Sr isotope data of carbonate from the Akatore Coast and the Shotover River are between 
0.7057-0.7069 and 0.7063-0.7083, respectively (Figure 6.8) (Frank, 2016; Wellnitz et al., 2018). Epidote 
minerals from the Shotover River have lower In-situ Sr isotope values of 0.7038-0.7052 (Figure 6.8), and 
epidote from the West Otago Caples Terranes have Sr isotope values of  0.70454 – 0.70456 (Scanlan et 
al., 2018; Wellnitz et al., 2018). Stable isotope data from Akatore Coast has δ18O values from 18.8 to 
25.5 and δ13C values from -16.0 to 2.3 (Figure 6.9) (Frank, 2016). Carbonate data from the Shotover 
River has only δ13C values which range from -14.7 to -2.5 (Figure 6.9) (Wellnitz et al., 2018). 
6.3.1.2) Correlations between Bruce Rocks and the Otago Schist: 
The similarity of Sr, C and O isotope data between the Akatore Coast and Bruce Rocks suggests a 
possible connection between the two systems, which are also located ~20 km from each other in the 
Otago Schist belt (Figure 6.8, 6.9). δ13C value range from the Shotover River overlaps with data from 
Bruce Rocks and Akatore Coast, with C and O isotope data plotting together with hydrothermal calcite 
(Figure 6.9) (Craw et al., 2009). The C and O isotope data correlate very well with the petrographic and 
Figure 6.8: In-situ Sr isotopic ratio of carbonate mineral phases from Bruce Rocks, Akatore Coast and the Shotover River. 
Data includes epidote minerals plotted together with WR Sr isotope data age corrected to early Miocene (20 ma) from the 
Rakaia and Caples terranes at the East Otago Schist (Adams et al., 1997; Frank, 2016; Wellnitz et al., 2018). WR Sr isotope 
data from Bruce Rocks are represented by the color areas where the unaltered greyschist expand up to a Sr isotopic ratio of 
0.7179. qf-sch = quartzfeldspathic schist. Data appendix D. 
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microscopic observation of the hydrothermal system forming at a shallow crustal level due to the 
absence of deformation twinning in the carbonate phases (Figure 4.9A, 4.9B). The hydrothermal calcite 
C and O isotope data probably represent break-down of metamorphic calcite in the host rock, with 
recrystallisation occurring later at a lower temperature (Figure 6.9). A complex fluid flow evolution from 
the shallow hydrothermal system may be reflected in the δ13C and δ18O caused by the influence of 
meteoric water and fluid-rock interaction due to precipitate near the paleo-surface (Craw et al., 2009). 
The correlations between the three locations point toward that the hydrothermal system at Bruce Rocks 
is related to the Late Cenozoic-resent uplift of the basement caused by the active Alpine fault (Craw and 
Norris, 1991; Wellnitz et al., 2018). 
6.3.2) Whole-rock Sr isotope data and element mobilisation: 
The Sr isotope data from carbonate at Bruce Rocks and the Akatore Coast are less radiogenic than the 
WR breccia and altered wall rock data from East Otago (Figure 6.8). The reason for this can either be 
from the breakdown of a Ca-rich mineral phase in the greyschist (e.g., a low Rb phase that preserves the 
initial metamorphism 87Sr/86Sr ratios) or by mixing between a radiogenic and an unradiogenic source 
causing the derived fluid to have an intermediate 87Sr/86Sr value. The first option requires the fluid to be 
derived for a Ca-rich mineral phase with low radiogenic 87Rb in the greyschist, such as metamorphic 
calcite or epidote but excludes micas due to the high concentration of radiogenic Rb (Craw et al., 2009; 
Figure 6.9: δ13C and δ18O stable isotope ratio of carbonate from Bruce Rocks and Akatore Coast together with δ13C isotope 
values of carbonate from the Shotover River (Frank, 2016; Wellnitz et al., 2018). The red and blue dotted circle are isotope 
data of shallow hydrothermal calcite and metamorphic calcite from Craw et al., 2009. Data appendix C. 
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Wellnitz et al., 2018). The second option requires two sources with a low and high 87Sr/86Sr isotope ratio 
where fluid-rock interaction causing a drift toward more radiogenic Sr isotope ratio or vice versa. Highly 
radiogenic muscovite grains are found within both the hydrothermal breccia and altered greyschist, and 
both rock types have interacted with the hydrothermal fluid. Since the hydrothermal breccia has 
interacted more with the surrounding wall rock than the altered greyschist, explains why the WR Sr 
isotope data of the hydrothermal breccia are more radiogenic than the altered greyschist (Figure 6.7).  
No in-situ Sr isotope data from epidote at Bruce Rocks were measured, but since epidote takes up no Rb 
its initial values will be the same as the unaltered greyschist Sr isotope ratio at metamorphism (140 Ma 
– Early Cretaceous) (Gray et al., 2004). The unaltered greyschist age-corrected to 140 Ma for 
representing the time of metamorphism gives a Sr isotope data values of 87Sr/86Sr(140 Ma) = 0.70569 – 
0.70655. The assumed initial Sr isotope values of epidote overlap entirely with the in-situ Sr isotope data 
of the carbonate phases. Fe3+ is present in the crystal structure of epidote, and therefore will a break-
down reaction of epidote also release Fe3+ into the system and would explain the source of a Fe-rich 
fluid in the hydrothermal system. The correlation points toward that the source of the hydrothermal 
fluid being from a break-down reaction of metamorphic epidote or carbonate, rather than a mixture 
between two different sources.  
CaO, FeO, MgO together with MnO are the major element mobilised in the systems, which are also the 
main component in carbonate phases (Figure 6.6). The mobilisation of trace elements is most significant 
in Sr and Y, where the REE shows enrichment in HREE, especially between Dy – Tm in both the altered 
greyschist and hydrothermal breccia (Figure 6.6). Mobilisation of Sr in the altered greyschist correlates 
with being the main trace element compatible in the carbonate phases.  The in-situ trace element 
concentration of REE from the carbonate phases shows a different trend by being LREE enriched (Figure 
5.12). The difference suggests that LREE are more compatible in the carbonate phases than the HREE 
and that the HREE are more mobile than LREE in the hydrothermal system. The breakdown of a Ca-rich 
mineral phase, containing  Fe, Mg and Mn and rich in REE would best explain the source of the element 
mobilisation. The best Ca-rich mineral phase is metamorphic epidote or carbonate as a fluid source since 
the epidote also will release  Sr and REE into the fluid system (Wellnitz et al., 2018). Furthermore, the 
breakdown of epidote would release Fe into the fluid system, explaining why siderite is stable in the 
early fluid stage followed by calcite, and also the precipitating of pyrite (Figure 4.12, 5.7). 
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6.3.3) Fluid-rock interaction and late-stage fluid flow evolution: 
The majority of the Sr isotope data clusters between 0.7060 – 0.7062, where two other populations of 
0.7058 (vein1) and 0.7064 (calcite(AH:m)1) is measured (Figure 6.2; Table 6.). The incompatible of Rb in 
carbonate rules out radiogenic decay of 87Rb to 87Sr as the cause of the In-situ Sr isotopic ratio variation. 
The different populations of the carbonate phases must, therefore, reflect different sources or different 
degrees of fluid-rock interaction. 
The most radiogenic Sr population in the alteration halo (calcite(AH:m)1) also have the highest Sr 
concentration measured (Figure 6.2; Table 5.2, 6.). The other calcite veins vary with a slightly lower Sr 
concentration together with a less radiogenic Sr isotopic ratio between 0.7060 – 0.7062 (Figure 6.2; 
Table 5.2, 6.). The observation suggests that fluid-rock interaction with the greyschist mineralogy, 
especially muscovite, has likely an influence on the Sr isotopic ratios (Figure 5.2, 5.4B). Field observation 
shows that the hydrothermal breccia belongs to the first fluid flow generation, followed by a secondary 
fluid flow representing by hydrothermal veins forming the alteration halo (Figure 4.13). Age-corrected 
(20 Ma) WR Sr isotope data of the hydrothermal breccia range from 0.7068 – 0.7075, but the altered 
greyschists have a lower WR Sr isotope data range of 0.7063 to 0.7065 (Figure 6.8; Table 6.3). The last 
generation of fluid flow in the alteration halo is represented by the vein1, which has the lowest in-situ Sr 
isotope population of 0.7058 (Figure 5.3A, 6.2; Table 6.). Siderite within the same large carbonate vein 
(vein1) shows a more radiogenic population of 0.7062, which overlap with the majority in-situ Sr isotope 
data of 0.7060 – 0.7062  (Figure 6.2; Table 6.). The geochemistry results show a substitution trend of 
calcite toward ankerite with increase Sr concentration within the large carbonate vein (Figure 5.6, 5.14; 
Table 5.2, 6.).  
The results suggest that the Sr is coming from a less radiogenic source and has overprinted the original 
Sr isotope ratio signature since siderite shows a higher Sr isotopic ratio of 0.7062 (Figure 5.13, 5.14). 
Unaltered greenschist (meta-basites) in the Otago Schist Caples terranes age-corrected to 20 Ma have a 
WR Sr isotope data range of 0.7038 – 0.70540 (Adams et al., 1997; Scanlan et al., 2018; Wellnitz et al., 
2018). Furthermore, a greenschist component is made up by a metamorphic mineral assemblage of 
mainly chlorite and actinolite, compared to quartz and albite in a greyschist, but also epidote and 
carbonate. Fluid-rock interaction with a greenschist component will, therefore, support the changes in 
Fe and Mg together with Sr, as observed in the large carbonate vein (Eq. 5.4; Figure 5.13, 5.14, 6.2). 
Influence from a greenschist component in the last stage of the hydrothermal system could explain the 
shift towards a less radiogenic Sr isotope ratio (Figure 6.2).  
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Chapter 7: Summary and Conclusion 
This study has collected field and petrographic observations, mineral compositional data, whole-rock 
geochemistry, and 87Sr/86Sr, δ13C, and δ18O isotope data from carbonates that are part of an ancient 
hydrothermal system exposed within the Otago Schist at Bruce Rocks, Dunedin. Below, some overall 
conclusions are presented by returning to the main research questions that were posted in Chapters 4, 
5, and 6.  
• Which structural settings controls the fluid flow evolution?   
o On a macro scale, fluid flow was strongly channelised by pre-existing exhumation joints 
and fractures, resulting in a breccia-vein network with dominant orientations. On a 
microscale, fluid diffusion into the wall rocks was controlled by the permeability of the 
surrounding wall rock, which enabled penetration of fluids along foliation surfaces and 
mineral grain boundaries. A change in fluid pressure caused the formation of syntaxial 
veins in the early stages by multiple fracture propagation. The absence of deformation 
twinning in carbonates indicate precipitation under very low-temperature conditions, 
probably within a few kilometres of the paleo-surface, or due to an absence of 
deformation of the carbonate phases.   
• What controls the variation in the geochemistry of the carbonates in the hydrothermal 
breccias and alteration haloes? 
o The whole rock 87Sr/86Sr(20 Ma) isotope data of the hydrothermal breccias are more 
radiogenic than the altered greyschist wall rock. The variation is caused by a reaction 
between an unradiogenic Ca-rich fluid and highly radiogenic metamorphic muscovite. The 
arguments for this are that in-situ Sr isotope data of calcite in mica-rich layers are more 
radiogenic than calcite in quartz-feldspar layers. The hydrothermal breccia is, therefore, 
more radiogenic compared to altered greyschist, due to more interaction with 
metamorphic muscovite during the brecciation.  
o Hydrothermal veins in the altered greyschist are composed of siderite on the rim and 
calcite in the core of the vein, formed by multiple fracture propagation creating syntaxial 
veins. The change from siderite to calcite represent a geochemical change from a Fe-rich 
to Ca-rich fluid composition and can be explained by the precipitation of pyrite, causing 
the removal of Fe from the system, making calcite the stable carbonate phase. The last 
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stage in the highly altered greyschist includes a large carbonate vein where Fe and Mg 
were added to the system later, enabling a substitution trend between Ca and Fe+Mg 
resulting in calcite being dissolved to form ankerite. The large carbonate vein has an in-
situ Sr isotope ratio of 0.7058, which are lower than the average Sr isotope ratio range of 
0.7060 – 0.7062. The results suggest that a less radiogenic Sr source causes the 
substitution trend. Influence from a less radiogenic greenschist component in the latest 
stage could explain the substitution trend and shift towards a less radiogenic Sr isotope 
ratio. 
o The moderately altered greyschist shows a different alteration style of metamorphic 
mineral reactions with CO2 formed kaolinite, hydrothermal muscovite, siderite, and 
calcite. The main metamorphic mineral phases to react with CO2-bearing fluids are 
chlorite and muscovite to which formed siderite, whereas epidote breakdown reaction 
will form calcite. The concentration of chlorite and muscovite is higher in the greyschist 
than epidote resulting in favouring precipitation of siderite over calcite.  
• What is the potential source of the hydrothermal fluid? 
o 87Sr/86Sr, δ13C, and δ18O isotope results overlap with other shallow crustal hydrothermal 
systems in the Otago Schist, e.g., the Shotover River and Akatore Coast. The hydrothermal 
system at Bruce Rocks in the Otago Schist is therefore likely related to the Cenozoic uplift 
of the basement caused by the formation of the Australian-Pacific plate boundary. 
Unaltered greyschist were age-corrected to 140 Ma to represent the age of 
metamorphism and the initial Sr isotope ratio of epidote.  The Sr isotope ratio gives values 
of 0.70569 – 0.70655, which overlaps completely with in-situ Sr isotope ratio of 
carbonate, and points towards a break-down reaction of epidote as the source of the 
hydrothermal fluids. The break-down of epidote would release Fe3+ into the fluid system, 
correlating with Fe-rich fluid composition to form siderite in the early stage followed by a 
Ca-rich fluid composition forming calcite. 
• What is the relative timing of the hydrothermal system? 
o The hydrothermal system at Bruce Rocks is younger than Late Cretaceous, but it is 
uncertain how young the system is. Field observations show that the hydrothermal 
system belongs to the youngest post-metamorphic deformation because it exploits the 
Late Cretaceous exhumation joints. 87Sr/86Sr, δ13C and δ18O isotope data overlap with data 
from the Akatore Coast and Shotover River, which are both interpreted to have a Miocene 
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age. The system is therefore believed to be related to the formation of the Australian-
Pacific plate boundary in the early Miocene (~20 Ma), where small scale mineralisation 
system formed by retrograde hydration reaction from the exhumation of the basement 
rocks. 
In conclusion of this study, the hydrothermal system at Bruce Rocks is interpreted to represent a post-
early Miocene system formed at a shallow crustal level, probably within a few kilometres of the paleo-
surface, related to the Cenozoic uplift of the basement caused by the formation of the Australian-Pacific 
plate boundary. The permeability in the surrounding wall rocks structurally controlled the hydrothermal 
system by penetrating along the foliation, grain boundaries and pre-existing joints in the greyschist. A 
potential source of the fluid is from a breakdown reaction of epidote which caused a release of a Fe-rich 
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